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Identification of Some Polynuclear Aro- 
matic Hydrocarbons in Cigarette- 
Smoke Condensate 


Benjamin L. Van Duuren,‘ Institute of Industrial 
Medicine, New York University-Bellevue Medical 
Center, New York, New York 


This study was directed toward an investigation of th chemistry of 
cigarette-smoke condensate with the aim of identifying and, if possible, 
isolating the component(s) responsible for the carcinogenic action on 
mouse skin (/, 2). The following report describes the work on the 
polynuclear aromatic hydrocarbons from cigarette-smoke condensate. 

During recent years a number of papers have appeared dealing with the 
nature of the polynuclear aromatic hydrocarbons in cigarette-smoke 
condensate (3-13). Identification of the hydrocarbons has invariably 
relied on ultraviolet absorption spectra of column chromatographic 
fractions, with some fluorescence spectral data in a few instances (4, 8, 11). 
It is clear from published data that the polynuclear aromatic hydrocarbons 
are present in minute quantities and that they cannot be readily separated 
by column chromatography from certain materials which give rise to 
intense background absorption in the ultraviolet absorption spectra. This 
background absorption is a hindrance to clear-cut identification. Only 
one ultraviolet absorption spectrum has been published (5), namely, a 
fraction enriched apparently in benzo[ajpyrene. Bonnet and Neukomm 
(3) describe the identification of a number of compounds, such as pyrene 
and its monomethyl derivatives, which differ slightly in their ultraviolet 
absorption spectra. The same also applies to benzo[a]pyrene and benzo- 
[ghi]perylene. In such instances, confirmation of identification by other 
methods would seem to be desirable. In view of the present status of our 
knowledge of the nature of the polynuclear aromatic hydrocarbons in 
cigarette-smoke condensate, it seemed desirable to investigate the nature 
of the aromatic hydrocarbons in greater detail. 


1 Received for publication November 7, 1957. 

3 Aided by a grant from the American Cancer Society, Inc. 

‘In this paper the nomenclature and numbering of the aromatic hydrocarbons is in accordance with Chemical 
Abstracts. In table 3, nomenclature formerly used is given in parentheses. 
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2 VAN DUUREN 


Cigarettes were smoked in a large-capacity smoking machine designed 
to conform as nearly as possible to human smoking habits (14). Five 
popular brands of American cigarettes, regular size, were used in equal 
amounts. The yield of cigarette-smoke condensate averaged 23 mg. per 
cigarette. 

The method of fractionation of the cigarette-smoke condensate used in 
this investigation is shown schematically. Fractions III and IV were 


Fractionation of Cigarette-Smoke Condensate 


Cigarette-smoke condensate, 
dried at 35°/25 mm, 


Alkali treatment, 
extraction with 
benzene, ether 


Neutrals and bases Acids and 
phenols 
Extraction with 
dilute sulfuric acid 


Neutrals Bases 
Distillation 
at 50°/0.1 mm. 


Residue Distillate 
Chromatography 
(acid-washed 
alumina) 
| | 
Petroleum Petroleum Petroleum Benzene Methanol Acetic acid 


ether ether ether eluate eluate eluate 
eluate eluate eluate 
Fraction 
number I II III IV 


further refined by picrate formation of polynuclear hydrocarbons and/or 
rechromatography on alumina. Preliminary experiments showed that 
the subfractions of fractions III and IV could be purified further by 
column chromatography but such subfractions still were complex mixtures 
and showed intense background absorption in the ultraviolet absorption 
spectra. Remarkable improvement in the ultraviolet absorption spectra 
of the subfractions could be obtained by chromatographing on paper. 
This is illustrated in text-figures 1 and 2, page 6. The column chroma- 
tographic fractions were accordingly chromatographed on paper and the 
compounds identified by Ry, ultraviolet absorption spectra, and fluores- 
cence spectra. 


Experiments 
Isolation of the Neutral Fraction 


The volatiles were removed from whole tar, 4 kg. (i.e., the condensate 
from 174,000 cigarettes based on an average yield of 23 mg. of tar per 
cigarette) at 35°/25 mm. The residue was dissolved in 4 1. of benzene 
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and extracted repeatedly with cold, 10 percent aqueous potassium hy- 
droxide (2 1. per extraction) in a nitrogen atmosphere until the extract 
was essentially colorless. The combined alkaline extracts were in turn 
extracted continuously, first with benzene, and then with ether, until 
virtually no more fluorescent material was in either the benzene or ether 
extract. The benzene solution and the benzene-ether washings from 
the aqueous alkaline extract were evaporated to 3 1. under nitrogen 
at 50°/25 mm. and extracted with cold, 10 percent aqueous sulfuric acid 
(10 X 11.) to remove bases. Benzene was removed from the neutral 
fraction by distillation at 50°/25 mm. and the lower boiling materials 
distilled off at 50°/0.10 mm. Both distillations were carried out under 
nitrogen. The residue, 750 gm. of a dark-brown oil, was chromatographed 
on 8 kg. of acid-washed alumina and the various fractions presented on 
page 2 were obtained. The volumes of the eluates were I: 15 1. petrol- 
eum ether; II: 5 1. petroleum ether; III: 5 1. petroleum ether; IV: 70 1. 
benzene; V: 51. methanol and 2 1. methano-acetic acid (9:1). Fraction I 
gave 52.0 gm. of a white solid, probably hentriacontane, tritriacontane, 
and related compounds (14). Fraction II gave 160.0 gm. of a light-yellow 
oil. Fraction III gave 9.20 gm. of a yellow oil. Fraction 1V gave 313 gm. 
of a dark-brown oil, and fraction V gave 180 gm. of a dark-brown resin. 


Precipitation of Aromatics as Picrates 


The total fraction IV was dissolved in 600 ml. methanol and a minimum 
volume of petroleum ether (b.p. 30-60°) added to dissolve the methanol- 
insoluble material. To this was added a solution of 150 gm. of picric 
acid in 1.5 1. of methanol. The solvent was evaporated under nitrogen 
until approximately one third of the original volume was left. Again a 
minimum volume of petroleum ether (b.p. 30—-60°) was added to dissolve 
methanol-insoluble waxes and allowed to stand for 1 week at 4°. The 
crystalline product was filtered off and washed with petroleum ether 
(b.p. 30-60°) to give 178 gm. of a dark-brown semicrystalline mass. 


Alumina Chromatography of Fractions III and IV 


Fraction III was chromatographed on 1.5 kg. of activated alumina. 
The eluents and their quantities are shown in table 1. The picrate from 
fraction IV was chromatographed on 6 kg. of alumina. The fractions, 
eluents, and volumes'of eluents are shown in table 2. 


Paper Chromatography 


Polynuclear hydrocarbons—The polynuclear hydrocarbons used as 
reference compounds in this study were obtained from various investi- 
gators. Purity of the materials was checked by melting points and by 
comparison of ultraviolet absorption spectra with published spectra. 
Where necessary, the compounds were purified by chromatography on 
activated alumina followed by recrystallization. 
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4 VAN DUUREN 


TasBLe 1.—Chromatography of fraction III 


Volume of 

Fraction Nos. Eluent 
(ml.) 
1 to 45 Petroleum ether (b.p. 30-60°) 150 
46 to 75 Petroleum ether-ether (9:1) 150 
76 to 90 Petroleum ether-ether (8:2) 150 
91 to 110 Petroleum ether-ether (3:1) 150 
111 to 125 Petroleum ether-ether (2:1) 150 
126 to 130 Petroleum ether-ether (1:1) 150 
131 and 132 Ether 500 
133 Ethanol 1, 000 


TaBLE 2.—Chromatography of picrate from fraction IV 


Volume of 


eluent in 
Fraction Nos. Eluent each fraction 
(1.) 


1to3 Petroleum ether (b.p. 30-60°)-benzene (7:3) 2.0 
4to7 Petroleum ether-benzene (3:7) 2.0 

8 to 25 Benzene 2.0 
26 to 28 Ethyl acetate 2.0 
29 and 30 Ethanol 2.0 


Solvents.—Cyclohexane, benzene, ethanol, hexane, and N,N-dimethyl- 
formamide used in the paper chromatographies were all spectrally pure. 

Method.—The procedure for paper chromatography of benzo[a]pyrene 
developed by Tarbell (15, 16) was used in this study, with minor modifica- 
tions. Whatman #1 filter paper was extracted with petroleum ether 
(b.p. 30-60°) in a Soxhlet, for 24 hours, to remove fluorescent material 
and other impurities, dried for 45 minutes at 120° C., and then saturated 
with pure N,N-dimethylformamide. The spots were then applied while 
the paper was allowed to dry in air. The developing chamber was lined 
with filter paper, which was kept saturated with developing solvent. 
The interior of the chamber was kept dry with anhydrous calcium chloride 
and phosphorus pentoxide. The paper was then placed in position in the 
chamber ready for ascending chromatography. The chamber was flushed 
with dry nitrogen, which was saturated with hexane and dimethylforma- 
mide, for 2 hours, and the system allowed to equilibrate overnight in the 
airtight chamber. The chromatograms were run by the ascending tech- 
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TaBLeE 3.—Ry values: averages 


Compounds* of 
Dibenzof[a,iJpyrene (3,4,9,10-dibenz- 

9 0. 32 
Dibenzofa,h]pyrene (3,4,8,9-dibenz- 

Dibenzofa,l]jpyrene (1,2,3,4-dibenz- 

— 0.44 
Benzofe]pyrene (1,2-benzpyrene)... 5 0. 46 
Benzo[aJpyrene (3,4-benzpyrene)... 18 0. 52 
Benzfajanthracene (1,2-benzanthra- 

5-Methylbenzofa]Jpyrene............. 4 0. 61 
21 0. 73 
3-Methylcholanthrene (20-methyl- 

4 0. 77 
4-Methylpyrene (1-methylpyrene).. 11 0. 77 
5-Methylbenzo[aJanthracene (3- 

methyl-1,2-benzanthracene)........ 8 0. 78 
1-Methylpyrene (3-methylpyrene).. 11 0. 78 
2-Methylpyrene (4-methylpyrene).. 11 0. 80 
2-Methylfluoranthene............... 1 0. 88 
8-Methylfluoranthene............... 2 0. 89 
10-Methylfluoranthene.............. 2 0. 89 
8,9-Dimethylfluoranthene............ 1 0. 92 
1,3-Dimethylfluoranthene............ 1 0. 96 


*Nomenclature and numbering of the aromatic hydrocarbons are in accordance with 
Chemical Abstracts. Nomenclature formerly used is given in parentheses. 


nique using hexane saturated with N,N-dimethylformamide as solvent. 
The chromatographies were conducted in the dark and examined by 
observation of fluorescence under ultraviolet light. The paper chroma- 
tographies were allowed to run to a length of 12 to 16 inches and they 
required 4 to 8 hours for completion. The final positions of the poly- 
nuclear hydrocarbons were observed by fluorescence under ultraviolet 
light. The spots were cut out and eluted for ultraviolet absorption spectra 
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spectra. Analysis at 405 my. Sensi- excitation at 309 my. 2. Benzo- 
tivity 0.10: 1. Unknown. 2. Benzo- [a]pyrene, excitation at 300 my, 1.0 
[a]pyrene, 0.5 mg. per I. mg. per l. 
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TEXT-FIGURE 6.—Ultraviolet absorption 
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TExtT-FIGURE 8.—Fluorescence emission 
spectra, excitation at 340 my: 1. Un- 
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sensitivity 0.10, 1.0 mg. per 1. 
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TEXT-FIGURE 13.—Fluorescence excita- 
tion spectra. Analysis at 465 mu, 
sensitivity 0.10: 1. Unknown. 2. Flu- 
oranthene, 1 mg. per I. 
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TEXT-FicuRE 15.—Ultraviolet absorption 
Spectra: 1. Unknown. 2. 8-Methyl- 
fluoranthene. 
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TEXT-FIGURE 14.—Fluorescence emission 
spectra: Excitation at 364 mu, sensi- 
tivity 0.10. 1. Unknown. 2. Fluoran- 
thene, 1.0 mg. per 1. 
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TEXT-FIGURE 16.—Fluorescence excita- 
tion spectra, analysis at 460 my: 1. Un- 
known, sensitivity 0.003. 2. 8-Meth- 
ylfluoranthene, sensitivity 0.01, 1.0 
mg. per I. 
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by extracting three times with boiling benzene-ethanol (8:2). The solvent 
was removed from the extracts under nitrogen on a steam bath, dried for 
15 minutes at 0.1 mm., and dissolved in cyclohexane for measurement of 
spectra. For many of the fractions, chromatography of larger amounts 
of column chromatographic fractions were required. In these instances, 
the material was applied as bands from 4 to 6 inches long. 

Results —The Ry values showed considerable variation from run-to-run. 
The average Ry values of known aromatics are given in table 3 and convey 
only the relative Ry values of the compounds studied. The method was 
very sensitive to the humidity and temperature of the atmosphere in 
which the spots were applied. The paper chromatography of aliquot 
portions of selected column chromatographic fractions was then conducted. 
The compounds obtained from the mixtures were identified by comparing 
their Ry values with those of the known compounds and by a study of 
the ultraviolet absorption spectra. Fractions were rechromatographed 
until their ultraviolet absorption spectra and Ry values remained unchanged 
on rechromatography. The fraction of origin of the compounds identified 
is given in table 4. The ultraviolet and fluorescence spectra of these 
fractions are given in text-figures 2 to 23. Both the ultraviolet absorption 
spectra and fluorescence spectra suggest that the benzo[e]pyrene fraction 
was contaminated with benzo[a]pyrene. 

Spectra.—Some of the fluorescence spectra were obtained with a Farrand 
automatic recording spectrofluorometer. Others were obtained with the 
American Instrument Company spectrofluorometer. Ultraviolet absorp- 
tion spectra were obtained with a Process and Instruments’ automatic- 
recording unit. All spectra were obtained with cyclohexane as solvent. 


TaBLeE 4.—Origin of aromatics from alumina chromatography 


| 
Origin Number of paper 
Compound identified rechromatogra- 
Fraction | Subfraction | Phies required 
No. No. for purification 
Pyrene III 95 2 
IV 1,2,3 
4-Methylpyrene Ill 95 2 
IV 1,2,3 
Fluoranthene III 105 2 
8-Methylfluoranthene III 105 4 
Benzo[a]pyrene IV 4,5,6 + 
Benzo[e]pyrene IV 4,5,6 
_ Benzo[ghi]perylene IV 4,5,6 7 
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Discussion 


By applying Tarbell’s procedure of paper chromatography to the 
mixtures obtained by column chromatography, remarkably good separa- 
tions of compounds were achieved, which fluoresce under ultraviolet light. 
For direct comparison and identification, samples were run side by side 
on the same sheet of paper. Rg, values and ultraviolet absorption spectra 
were used as a guide in identifying the compounds obtained. As an 
additional proof of identification, fluorescence excitation and emission 
spectra at one or more excitation wavelengths were then obtained on the 
pure fractions. In all instances, fluorescence spectra confirmed the struc- 
tural assignments made on the basis of fluorescence color, Rr, and ultra- 
violet absorption spectra. 

No attempt was made to identify or purify the simpler aromatic hydro- 
carbons such as anthracene, phenanthrene, or fluorene, which should be 
expected to be in fractions II and III. Some of the subfractions of 
fractions III and IV remain to be examined. 

The usefulness of Ry values in deciding between compounds of very 
similar ultraviolet spectra is illustrated in the pyrene-alkylpyrene series. 
The ultraviolet absorption spectra of pyrene, 4-methylpyrene, and 2- 
methylpyrene are very similar, but they differ distinctly in Ry values 
(table 3), thus making a clear-cut distinction possible. On the other 
hand 4-methylpyrene and 1-methylpyrene have very similar Ry values 
and can be distinguished by their differences in ultraviolet absorption 
spectra. By similar comparisons, fluoranthene and the various methyl- 
fluoranthenes could be distinguished from each other. In the identifica- 
tion of 8-methylfluoranthene, samples of 1-methylfluoranthene and 3- 
methylfluoranthene were not available for comparison with our material 
so that these 2 compounds have not been eliminated. The dimethyl- 
fluoranthenes have distinctly higher Ry values than the monomethyl 
compounds and were therefore readily eliminated. The possibility that 
the monoalkylpyrene and monoalkylfluoranthene identified are indeed 
ethyl rather than methyl derivatives was not positively excluded. How- 
ever, the ethyl derivatives would be expected to have noticeably higher 
Ry values. 

Where Ry values of compounds were very similar, such as benzo[a]- 
pyrene, benzo[e]pyrene, and benzo[ghi]perylene, numerous rechromatog- 
raphies were required for complete purification. Thus benzo[ghi]perylene 
and benzo[e]pyrene were obtained pure after 7 rechromatographies on 
paper starting from the column chromatographic fraction. 

The yields of the hydrocarbons were calculated from the optical densi- 
ties of certain peaks in the ultraviolet absorption spectra and the optical 
densities of the same peaks in the quantitative spectra of the correspond- 
ing known compounds. The concentrations of pyrene, 4-methylpyrene, 
and fluoranthene were also estimated by comparison of the intensity of 
fluorescence of spots on the paper chromatograms with those of known 
concentrations of the authentic compounds. This latter method was 
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surprisingly sensitive and gave values comparable to those obtained by 
the ultraviolet spectral method. It was found that one microgram each 
of benzo[a]pyrene and dibenzo[a,i]pyrene can be recovered quantitatively 
(as determined by the ultraviolet method) by the procedures for paper 
chromatography and elution described under Experiments. The yields 
of some of the hydrocarbons found in this study are given in table 5. 


TaBLe 5.—Yield of polynuclear aromatic hydrocarbons from cigarette- 
smoke condensate 


Absorption | Yield (ug. per 100 cigarettes) 
bands used in 
Compound quantitative |/This investi- enerted 
calculations gation P 
Pyrene 335 5. 0 11. 0 (9) 
9. 7 (3) 
4-Methylpyrene 335 5.0 Not reported 
‘ Fluoranthene 320 (or 340) 1.0 Not reported 
Benzo[a]pyrene 384 0.5 2. 2 (8) 
7. 5-12. 5 (6) 
1. 0 (9) 
1. 2 (21) 


The values for the yields of pyrene and benzo[a]pyrene obtained in the 
present investigation are lower than those reported by other workers. 
Several factors may be operative in accounting for these differences: 

(a) There are differences in the method of cigarette smoking, collection, 
and processing of tar. 

(6) Since the process of picrate formation cannot be expected to give a 
quantitative yield of aromatic hydrocarbons as picrates, the yields 
reported in this work can be taken as minimum values only. 

(c) There may be incomplete separation of pyrene and 4-methylpyrene, 
and of benzo[a]pyrene and benzo[ghi]perylene by earlier workers. These 
2 pairs have very similar ultraviolet absorption spectra. 

The identification of fluoranthene, 8-methylfluoranthene, benzo[e]pyrene 
and benzo[ghi]perylene in our study may be of interest in view of the fact 
that these compounds were not reported in the comprehensive study of 
Bonnet and Neukomm (3). On the other hand, we have not yet detected 
benzo[aJanthracene, which the same authors reported in relatively high 
concentration. A comparison of the ultraviolet absorption spectra of 
benzo[aJanthracene and fluoranthene reveals striking similarities (text- 
fig. 24). These 2 compounds differ distinctly in Ry (table 4) and in their 
fluorescence spectra. 

Of the 7 compounds identified, benzo[a]pyrene has been shown to be a 
potent carcinogen and benzo[e]pyrene a weak carcinogen (17). Pyrene, 
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4-methylpyrene, fluoranthene, and benzo[ghi]perylene, according to avail- 
able evidence (17), have no carcinogenic activity and 8-methylfluoranthene 
has not yet been tested for carcinogenicity. 


Summary 


Cigarette-smoke condensate was obtained from 5 popular brands of 
American cigarettes smoked in a semiautomatic machine designed to 
simulate human smoking. The condensate was subjected to a fractiona- 
tion procedure aimed at concentrating the polynuclear aromatic hydro- 
carbons. The neutral fraction was subjected to chromatography on 
alumina, picrate formation, and, finally, paper chromatography to yield 
essentially pure polynuclear hydrocarbons in microgram quantities. The 
compounds were identified by comparison of a number of their properties 
with those of authentic specimens. The properties used were gross 
fluorescence on paper, Ry values, ultraviolet absorption spectra, fluores- 
cence emission, and fluorescence excitation spectra.’ These procedures 
revealed that the various hydrocarbons were obtained in a high state of 
purity. The hydrocarbons positively identified by these methods were 
pyrene, 4-methylpyrene, fluoranthene, 8-methylfluoranthene, benzo[a]- 
pyrene, benzofe]pyrene, and benzo[ghi]perylene. The yields of these 
hydrocarbons were calculated from their ultraviolet absorption spectra 
and paper-chromatographic methods. 
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Effect of Total-Body X Radiation from 
Near-Threshold to Tissue-Lethal Doses 
on Small-Bowel Epithelium of the Rat. 
I. Changes in Morphology and Rate of 
Cell Division in Relation to Time and 


Dose! 


R. Bianp WituiaMs, Jr.,2* Jane Nicotet Toat,* 
Ware, and Harry M. Carpenter,*® 
Pathology Division, Naval Medical Research Insti- 
tute,> and Laboratory of Physiology, National Cancer 
Institute,* Bethesda, Maryland 


The mechanisms through which ionizing radiation interferes with 
cellular proliferation have remained controversial in spite of extensive 
research. This is in part due to the tremendous variation in species, dose, 
tissue, and time sequences employed, and to the relatively fragmentary 
nature of the data presented. The heterogeneous nature of cell popula- 
tions, particularly in mammalian tissues, as well as local versus humoral 
effects, and the variety of changes that are produced in the same cells at 
different stages of their mitotic cycles have made it difficult to interpret 
the data. While alterations in nucleic acid metabolism have long been 
suspected of being related to changes in cellular proliferation, reports 
involving mammalian tissues are generally confined to either morphological 
or biochemical observations. The use of these separate approaches has 
failed to explain the mechanisms involved as stressed in a review by Ord 
and Stocken (1). 

Our studies present a detailed correlation of changes in cell division with 
changes in nucleic acid metabolism in the small-bowel epithelium of 
the rat following total-body X irradiation. This paper reports quantitative 
measurements of changes in mitotic activity at various intervals after 
single doses varying from near-threshold to tissue-lethal. Results 
following local irradiation of an exteriorized loop of small intestine are 
also included and bear on the question of whether the effects of irradiation 
of this tissue are exerted locally or humorally. A second paper presents 
the changes in nucleic acid and protein synthesis that are associated with 
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the alterations in cell division. A third report deals with reradiation, 
dose fractionation, and physical dose-rate studies based on the results 
obtained from single exposures and designed to separate biological effects, 
cell populations, and time factors involved in recovery. 

The small-bowel epithelium was selected for study because of a normally 
rapid and uniform mitotic rate (2), a short interphase time (3), sensitivity 
to ionizing radiation (4-7), relative homogeneity of its stem cells, and, as 
suggested by Czerwonka et al. (8), relative freedom from humoral factors 
controlling or affecting its growth rate. There is practically no diurnal 
variation in the number of mitoses in this tissue (2). In addition, the 
data presented in this report indicate that the mitotic rate in the crypts 
of the three anatomical units, namely, duodenum, jejunum, and ileum, 
and their response after the same dose of irradiation, is relatively uniform. 
Furthermore, there is sufficient material for chemical analysis by the 
techniques employed. 


Methods 


In experiments of this nature, radiological, biological, and time factors 
are interdependent. Techniques involved will, therefore, be presented 
in some detail. 

Radiological factors.—A Picker X-ray therapy unit was employed. The 
target-to-cage-top distance was 50 cm. The machine was operated at 
200 kvp and 25 ma. An added filter of 0.25 mm. of Cu and 1.0 mm. of 
Al resulted in a beam with a half-value layer (HVL) of 0.75 mm. of Cu. 
The dose rate was measured in air at the cage-top distance with a 100 r 
Victoreen chamber, once or twice a week, generally just before exposing 
the animals. It varied during the course of the experiments from 40.7 
to 44.0 r per minute. 

The midline tissue dose as measured by the use of a phantom was equal, 
fortuitously, to the air dose at the top of the cage. The LD50 of animals 
employed in these experiments, under these radiological conditions, was 
about 600 r of total-body X radiation. 

All animals were irradiated in groups of 3 within a Duraluminum cage 
1.255 mm. thick. Nine or more animals were irradiated in sequence 
allowing sufficient time between groups for sacrifice and autopsy at various 
postirradiation times. These experiments were conducted over a period 
of several years. Early results were reproducible when repeated at 
later times. 

Biological factors—Male Sprague-Dawley rats that weighed from 
175 to 225 gm. were obtained from the Hormone Assay Laboratories in 
Chicago. They were maintained in a constant temperature and humidity 
room, individually caged, and fed pellets of Rockland complete rat diet’ 
ad libitum. 

The majority of animals were sacrificed at 1 to 72 hours after total- 
body X irradiation. A few groups that received irradiation of exteriorized 
loops of intestine were followed up to 220 hours. The rats were quickly 


1 Obtained from Acardy Farms Milling Co., Chicago, Ill. 
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anesthetized in an ether jar; the chest cavity was opened, the heart incised, 
and the inferior vena cava cut just above the diaphragm. 

A few groups of LAF, female mice, weighing 20 + 2 gm., were irradiated 
and sacrificed 72 hours later for comparison with rats from similar experi- 
ments. 

Histopathological factors—The segment of small intestine selected for 
study included approximately 8 cm. of the jejunum just distal to the 
duodenojejunal flexure. Sections of the duodenum, about 1.5 cm. distal 
to the pylorus, and of the ileum, about 5 cm. proximal to the ileocecal 
valve, were also studied in a limited number of animals both for control 
counts and for effects following irradiation. 

Sections were fixed in Zenker-acetic for 6 hours, and then washed in 
running water for approximately 24 hours. A few were fixed in Zenker- 
formol to preserve the granules of Paneth’s cells. 

Three cross sections of the small intestine, representing roughly 1 cm. 
each of fixed tissue, were split lengthwise and embedded in paraffin so 
that longitudinal sections near the middle of the bowel could be made 
from the cut surface. Practice is required to embed evenly and to avoid 
cutting too far into the block. Twelve longitudinal sections were pre- 
pared from each animal. Microscopic sections were cut at 6 » and stained 
with hematoxylin and eosin, Feulgen, or periodic acid-Schiff. 

Mitotic counts.—The following method was devised to follow the effects 
of irradiation on mitotic activity in the small bowel. Essentially all the 
mitoses in a length of fixed tissue approximately 1.5 em. long and 6 u 
thick were counted under oil immersion for each animal. This entailed 
counting a total of 90 contiguous microscopic fields. Each field as 
measured by a micrometer on the microscope stage was 0.17 mm. in diam- 
eter. The data are therefore a measure of the number of mitoses occurring 
along a 1.5 cm. segment of jejunum. In the tables and charts to follow, 
the mitotic counts have been reduced to those occurring along a 1.7 mm. 
length, 7.e., a length corresponding to 10 field diameters. This has been 
done merely for reasons of convenience. 

Wide areas were selected in which the villi and crypts of Lieberkiihn 
were cut in a plane throughout their length and tangential cuts were 
avoided. This was done at the onset of each count since a total of about 
12 cm. of sectioned tissue was available from each animal. Degenerating 
mitotic figures were not counted, but all stages of division were counted. 
In a study of this type, differences in classifying an early prophase or late 
telophase are less important than adhering to constant criteria, so that 
changes in the total counts with changing postirradiation times and doses 
may be compared. 

In normal animals mitotic activity is practically confined to the zone 
counted since an oil-immersion field beginning just above the base of the 
crypts extends to, or slightly beyond, the upper limits of the crypts. 
This is also true after irradiation except when mitotic activity is con- 
siderably increased above normal during the maximal overshoot en- 
countered during recovery. Then it was necessary to count mitoses 
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above this zone in order to include the total mitotic activity in the crypts 
covering the same length or longitudinal strip of bowel. 

For the sole purpose of determining the intermitotic time, we counted 
all the nuclei of epithelial cells lining the crypts along a 1.5 cm. segment of 
jejunum in 9 control animals, and from the percentage of cells in mitosis 
we calculated the mitotic index. 

Use of colchicine in certain experiments—One mg. per kg. body weight 
of colchicine was given to additional animals 4 hours before sacrifice 
in order to: 1) determine the mitotic time in control rats, 2) study the dis- 
tribution of the number of mitoses per crypt normally and at certain dose 
and time intervals during recovery, 3) obtain an indication of changes in 
mitotic rate over 4-hour intervals following irradiation, and 4) demonstrate 
more clearly in the photomicrographs the differences in mitotic activity 
which occur after irradiation. Mitotic counts were carried out in the same 
manner described. 


Results and Conclusions 


The primitive epithelial cells in the erypts, which continuously replenish 
the tall columnar ceils with striated borders and goblet cells that line the 
villi, will be called throughout this paper by the Anglo-Saxon term “stem 
cells.” The acid fixative used routinely dissolves most of the Paneth’s cell 
granules. Paneth’s cells were studied in formalin-fixed specimens obtained 
from rats that had been given colchicine. We found arrested metaphases 
in a few cells whose cytoplasm contained typical acidophilic granules 
indicative of Paneth’s cells. The mitotic counts reported here include all 
epithelial cells in division. However, an occasional mitosis in the small 
number of Paneth’s cells found at the base of the crypts are not considered 
important in the continuous rapid replenishment of the lining epithelium 
of the small intestine. In this study we are not concerned with their origin 
or with the source of the argentaffin cells, which are even less numerous. 

Mitotic counts.—The normal range of mitotic activity is represented by 
a band shown in text-figure 1. The width of the band includes the 95 
percent confidence limits derived from counts on 34 controls. The mean 
mitotic count is 49.3 + 2.5. 

While various methods have been used to determine mitotic activity 
in the small bowel of normal rodents, they were deemed unsuitable to 
follow the effects of irradiation and were discarded in favor of the pro- 
cedure described under “Methods” from which the normal range in con- 
trols was derived. One technique uses selected crypts cut almost in half 
throughout their length (3). However, different crypts recover at dif- 
ferent times after irradiation, which makes any selection of crypts for 
counting unreliable. Another method determines the number of mitoses in 
relation to the total number of nuclei in both crypts and villi (2). Fol- 
lowing irradiation, the number of cells lining the crypts and villi changes 
and a direct relationship between the two no longer exists. Cross sections 
of the duodenum (9) have the disadvantage following irradiation that 
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NORMAL RANGE 


Mitotic Count 


Text-FicuRE 1.—Effect of total-body X radiation upon cell division in the small- 
bowel epithelium of the rat. The band represents the normal range of mitotic 
activity for comparison with 9 animals per point from 1 to 144 hours after irradiation. 


considerable distension of the intestine leads to distortion of the normal 
configuration of crypts and villi. 

Anatomical divisions of the small intestine —The number of mitoses per 
10 field diameters (1.7 mm.) along sections from the duodenum, jejunum, 
and ileum of different rats are shown in table 1. By a modified ¢ test (10) 
there is no significant difference at the 5 percent level in the average values. 
There is also no tendency for counts in any of the 3 segments to be either 
high or low in a particular animal. 


TaBLE 1.—Mitotic activity in the duodenum, jejunum, and ileum of control 


animals 
Mitoses per 10 field diameters 
Animal No. 
Duodenum Jejunum Tleum 
WA86 51.9 47.0 38. 7 
WA87 56. 1 51.3 66. 0 
WA88 59. 9 55. 8 53. 1 
WA89 58. 2 58. 2 44.6 
WA90 60. 7 49.0 48.0 
WA9I1 44.3 56. 1 
WA92 46. 4 49. 1 47.8 
WA93 50. 8 50. 0 54.3 
WA94 46. 1 45. 2 44.6 
Mean mitotic count 
+ standard error 53.8 + 2.05] 50.0 + 1.53] 50.4 + 2.68 


In order that as much of the entire small intestine as possible could be 
used for chemical analysis, it was also considered essential to establish 
whether or not the different anatomical divisions reacted differently to 
X irradiation in terms of mitotic activity in the crypts. The numbers 
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of mitoses in the different segments of the crypts of the small-bowel 
epithelium 72 hours after 700, 800, and 900 r of total-body X radiation 
are shown in table 2. Again there is no significant difference in the 
response of the duodenum, jejunum, and ileum. 


TABLE 2.—Mitolic activity in the duodenum, jejunum, and ileum 72 hours after 
700, 800, and 900 r total-body X radiation 


Mitoses per 10 field diameters 


Animal No. Duodenum | Jejunum Tleum 
After 700 r 
R526 25 26 — 
R527 38 42 22 
R528 21 27 44 
R598 28 46 22 
R599 16 31 22 
R600 48 18 34 
R601 42 45 45 
R602 21 18 16 
R603 39 31 24 
Mean mitotic count 
+standard error 30.9 + 3.71 | 31.6 + 3.57 | 28.6 + 3.88 
After 300 r 
R556 27.0 23. 0 25. 0 
R557 24.0 4.1 6. 4 
R558 17.0 13. 0 11.0 
R559 17.0 13. 0 24. 0 
R560 10.0 8. 0 
R561 12.0 8.0 11.0 
R581 8. 2 9. 6 
R582 9. 2 2.3 6.9 
R583 4.1 2. 4 4.5 
Mean mitotic count 
+standard error 14.3 + 2.53 9.1 + 2.17 | 11.8 + 2.50 
After 900 r 
R562 7.9 4.5 6. 9 
R563 2.0 2.6 4.5 
R564 9.9 6. 2 5. 0 
R565 5.3 5.7 4.3 
R566 8. 7 5. 8 8. 2 
R584 2.3 1.8 1.9 
R585 8.3 3.5 2.5 
R586 3. 0 2.0 2.9 
R587 3.3 ae 5.1 


Mean mitotic count 
+standard error 5.6 + 1.04 4.0 + 0.56 4.9 + 0.68 


Effect of a “simulated” stress reaction upon mitotic activity —Mitotic 
activity in the small-bowel epithelium was unaltered over a period of 5 
hours following a simulated stress reaction that was produced by the 
administration of 6 mg. of 17-hydroxy-11-dehydrocorticosterone (Cortone 
acetate®) intramuscularly. A dose of 12 mg. did not alter the mitotic 
activity over a similar period. This finding contrasts with results reported 
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by Menkin (11) and others for certain other tissues after the injection 
of this adrenocortical hormone. 

Mitotic time.—Four hours after the administration of colchicine there 
is an increase in the number of mitotic figures of 5.5 times the normal 
count (figs. 1 and 2). Given a constant rate of cell division, this indicates 
a mitotic time of about 45 minutes. The expression “about 45 minutes” 
is used because the effect of colchicine, while occurring within a few 
minutes after injection, is not instantaneous, and if the increase in ar- 
rested metaphases were slightly greater in terms of total time, the dura- 
tion of visible mitosis derived by this method would be slightly less. 

Intermitotic time—To obtain the intermitotic time it is necessary 
to establish the mitotic index or percentage of stem cells in division at 
a given moment. The mitotic index was determined by counting nuclei in 
the crypts, including those undergoing mitosis, in 9 normal animals. 
Approximately 160,000 were counted, and the percent in mitosis was 2.5. 

Only the germinative zone or crypts can be considered since mitotic 
activity is confined to this region. Such a measurement is complicated 
by the fact that the diameter of cells undergoing division is greater than 
that of resting cells, so that a relative increase may occur in sections cut 
in 6u planes. On the other hand, the fact that all the epithelial cells in 
the crypts may not be capable of further division would tend to lower the 
mitotic index obtained by this method. 

An intermitotic time of roughly 30 hours is obtained by dividing the 
mitotic time of 0.75 hours by the mitotic index of 2.5 percent. This is 
an average figure and may not apply to an individual animal, crypt, or 
stem cell. It indicates that at a constant mitotic rate all epithelial cells in 
the crypts would divide once in 30 hours. If, as has been reported (2), the 
cells covering the villi constitute about 50 percent of the total number of 
mucosal epithelial cells, then the complete turnover time would be in the 
neighborhood of 60 hours; that is, all the cells lining the villi would be 
replaced within 30 hours and lost within 60 hours. 

Thus, over 95 percent of the stem cells in the crypts of the small-bowel 
epithelium is in some stage of interphase during the period of irradiation, 
the significance of which is more or less ignored in most of the reports 
dealing with effects of ionizing radiation upon chromosomal structures in 
somatic tissues. 

Mitotic rate-—While in extreme cases mitotic activity in the small 
bowel of control rats may vary by a factor of 2 (text-fig. 2), our observa- 
tions agree with Leblond (2) that the mean mitotic activity of a large 
sample is not subject to diurnal variation. Since in normal animals the 
number of mitoses in the linear segment measured is essentially constant, 
like the cell populations of the crypts and villi (2), the mitotic rate in 
controls is constant. 

Following irradiation, we have not directly determined the proportion 
of stem cells in division but have been content to compare mitotic activity 
per linear segment. Changes in cell population in the crypts affect the 
proportion of stem cells in mitosis just as changes in cell populations of 
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HOURS AFTER IRRADIATION 


TEXT-FIGURE 2.—Cell division in the small-bowel epithelium of individual animals 
following total-body X irradiation. All animals survived period shown except 
84 and 96 hours after 800 r. ¥ = 11 out of 12 surviving; ¥¥ = 7 out of 12 surviving. 


both villi and crypts affect synthesis rates. Attention will be called to 
such changes whenever they appear to appreciably affect the interpretation 
of the results. 

However, this parameter is considered to be a measure of mitotic 
rate during recovery because of the fact that values so obtained are directly 
proportional to values obtained by the use of colchicine. During the 
immediate postirradiation period the fluctuations are so great within 
4-hour intervals that the curves obtained with and without colchicine 
differ considerably. Compare text-figures 1 and 3. 


ifice) 


Mitotig Count 


(colchicine 4 hours prior to socr 


Hours after irradiation 
TEXT-FIGURE 3.—Cell division during 4-hour periods, as measured by colchicine, in 
small-bowel epithelium of rat following total-body X irradiation. 
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Following Total-Body X radiation 


Mitotic activity in the small-bowel epithelium from 1 to 144 hours 
following total-body X radiation of 50 to 900 r is illustrated in text-figure 
1. The curves following 800 and 900 r do not extend beyond 72 hours 
because counts on the few animals that survive would introduce an 
unwarranted selection of the most resistant animals. 

Cell division in the small-bowel epithelium of individual rats after a 
few postirradiation time intervals is illustrated in text-figure 2. The 
variability is a biological one since extremes frequently occurred between 
3 animals irradiated simultaneously in the same container. This differ- 
ence in animal sensitivity, as well as the variety of effects that occur after 
irradiation, requires that a large number of animals be studied. Mean 
mitotic counts in the small-bowel epithelium of approximately 1,400 
rats are listed in tables 3 and 4 at various time intervals after 50 through 
900 r of total-body X radiation. 

Initial drop in mitotic activity—Within 1 hour the number of mitoses 
falls from a mean of 49.3 to nearly zero, after doses of X radiation of 75 
rand above (text-figs. 1 and 4). After doses of 50 r there is approximately 
a 60 percent drop in mitotic activity 1 hour after irradiation. The length 
of time before division is resumed increases with dose. 


60- 


Mitotic Count 


T 
o 1 2 3 4 § 6 7 86 8 4 
Hours after irradiation 
TEXT-FIGURE 4.—Initial drop in mitotic activity and abortive mitotic recovery in 
small-bowel epithelium of rat following total-body X irradiation. (Enlargement of 
first portion of text-fig. 1; abscissa X 10 ordinate X 2.) Broken lines from 11 to 14 
hours after 50 and 75 r chiefly indicate final recovery. 
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By planimetric determination of the area under the curves in the plot 
of mitotic counts versus time, over any selected time interval, one can 
obtain an integral that is a measure of the total number of mitoses which 
occurs during the period. The difference between this quantity for normal 


animals and irradiated animals then gives a measure of the difference be- 


tween the number of mitoses that occurs in the two during the time period 
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TaBLE 4.—Mitotic activity in small-bowel | geen of rat after 450 through 900 r of 


total-body X radiation 
Hours | Number| Mean mitotic Hours | Number] Mean mitotic 
Dose | after of count + Dose | after of count + 
irradia- | animals | standard error irradia- | animals | standard error 
tion tion 
450 r 1 3 3.3 + 0.65 | 600r 17 6 10.5 + 0.71 
yo 3 3.5 + 0.20 24 17 12.4 + 0.70 
3 3 2.1 + 0.20 30 7 10.6 + 0.75 
5 12 5.5 + 1.07 36 14 7.8 + 1.22 
6.5 9 10.5 + 0.93 40 9 99+ 1.12 
7.5 9 27.2 + 3.44 48 9 15.9 + 1.86 
8. 25 9 38.3 + 1.76 49 3 13.6 + 2.44 
9 8 29.2 + 1.14 60 9 24.7 + 2.63 
10 2 225+ — 66 9 20.7 + 2.77 
11 18 19.2 + 0.91 72 13 47.0 + 2.28 
12 9 14.0 + 0.77 84 9 65.0 + 6.46 
14 9 14.5 + 1.16 96 9 60.0 + 1.71 
17 9 13.0 + 0. 83 101 10 43.9 + 1.72 
24 15 14.6 + 0.99 
30 12 13.1 + 0.84] 700r] 24 5 13.2 + 0. 96 
36 11 16.2 + 0. 96 36 8 ‘4.9 + 0. 68 
40 8 22.3 + 0.83 48 6 5.3 + 0.49 
44 9 32.6 + 1.32 60 9 13.7 + 1.96 
48 9 42.3 + 1.42 72 9 31.6 + 3.57 
60 9 47.1 + 1.51 84 9 29.2 + 5.06 
62 9 48.0 + 1.92 96 12 60.5 + 4.31 
64 8 49.8 + 2.57 120 10 54.1 + 4. 28 
72 18 70.9 + 1.95 144 6 562.7 + 4,22 
78 9 62.5 + 3.03 
89 9 65.8 + 2.04] 800r] 24 3 13.4 + 3.14 
96 17 56.4 + 2.77 60 9 3.5 + 0.73 
120 9 50.2 + 2. 54 ia 9 %91+ 217 
124 9 42.6 + 1.42 84 11 22.5 + 2.68 
96 8 44.9 + 3.35 
500 r 24 9 13.8 + 1.44 
48 9 34.1 + 1.23 | 900r 1 3 2.3 + 0.85 
60 9 45.4 + 3.33 2 3 4.3 + 0.48 
72 9 63.7 + 1.96 3 3 17 + 0.20 
84 9 64.2 + 2.45 5 3 3.1 +4 0.52 
5.5 3 17+ 0.87 
600 r 1 3 1.2 + 0.10 7.5 3 4.0 + 0.87 
2 3 3.4 + 0.44 9 5 7.2 + 1.04 
3 3 3.9 + 0.72 10 8 20.0 + 1.90 
5 5 15+ 10 11 9 12.3 + 1.34 
5.5 5 24+ 1.15 12 8 11.9 + 0.79 
6.5 8 4.8 + 1.15 13 9 7.2 + 0.99 
7.5 9 15.3 + 2.13 18 9 11.7 + 0.89 
8. 25 8 23.2 + 3.10 24 5 92+ 1.62 
oo) 13 20.5 + 2.59 36 9 3.1 + 0. 65 
10 6 23.0 + 2. 62 72 9 3.9 + 0. 56 
11 9 14.4 + 1.34 
13 9 13.3 + 0.95 


selected. We shall term this difference the mitotic deficit. The mitotic 
deficit from 1 hour after irradiation until the normal rate is regained appears 
to be an approximately linear function of the dose up to 225r. The same 
is true up to 450 r if one extends the rising limb of the abortive recovery 
curve to the midpoint of the control range (text-fig. 5). 

Acute cell destruction —About 1 hour after irradiation an increase in the 
number of pyknotic and fragmented cells is observed. It is qualitatively 
apparent in examining the specimens that the decline in mitotic activity 
begins shortly before these cell remnants become morphologically observ- 
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TextT-FIGURE 5.—Effect of dose of radiation upon the mitotic deficit during the initial 
drop in mitotic activity and upon the number of stem cells involved in acute destruc- 
tion and abortive mitotic recovery. 


able. The cytoplasm is often shrunken into an eosinophilic globule(s) 
surrounded by a space(s) or clear halo(s). Figure 3 shows the appearance 
5 hours after 150 r; figures 4 and 5, at the same time interval after 450 and 
3000r. In the epithelium covering the crypts there are actually fewer of 
these remnants 5 hours after 3000 r than there are at the same time 
interval after 450 r. However, in the lumen of the crypts, masses of such 
cells may be seen, which suggests an increased rate of destruction and 
extrusion into the lumen (fig. 5). These grossly damaged cells are those 
that have suffered early death from irradiation. We will refer to this 
killing effect as acute destruction. It is impossible to count directly the 
number of cells involved, because 1) dead and dying cells are extruded into 
the lumen of the bowel, 2) the morphological changes leading to destruction 
and loss of such cells progress more rapidly as the dose of radiation in- 
creases, and 3) occasional remnants of epithelial cells which have under- 
gone pyknosis or nuclear fragmentation are in normal epithelium and other 
rapidly proliferating tissues, presumably a result of the peculiar suscepti- 
bility of cells during various stages of division to noxious stimuli. 

However, the number of stem cells acutely destroyed can be estimated 
from the mitotic deficit during the period of the abortive recovery (1 to 
11 hours after irradiation) and is shown in text-figure 5. The number of 
stem cells involved in the acute destruction increases with dose but not 
in proportion to the dose. This estimation involves the assumption that 
the number of stem cells taking part in the abortive mitotic recovery varies 
inversely with the number of stem cells acutely destroyed. The reasons 
for selecting the period of 1 to 11 hours after irradiation will be considered 
under the abortive recovery that follows. 

Abortive mitotic recovery.—F ollowing the initial drop in mitotic activity, 
there is an abortive rise in cell division with a subsequent fall again to 
lower levels. The abortive mitotic-recovery curves are illustrated in 
text-figure 4. Figures 6 and 7 show sections of the rat jejunum 9 hours 
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after irradiation with 450 and 900 r. The number of mitoses present 
during this period is greater after the lower dose, whereas the number of 
cells with pyknotic and fragmented nuclei is greater after the higher dose. 

An abortive recovery occurs even after very high doses, e.g., 3000 r 
which is well above the tissue-lethal dose. After such doses of irradiation, 
cells that take part in the abortive recovery are only able to divide one 
or more times because their ability to continue undergoing division has 
been irreparably damaged. By the use of colchicine, we observed a count 
of 15 arrested metaphases 21 to 25 hours after 3000 r; however, at 68 
hours only a single bizarre mitotic figure was found after a careful search. 

The number of cells taking part in the abortive recovery was determined 
by measuring the area under these curves at 1 to 11 hours, and they are 
presented in text-figure 5. The number decreases with dose. The 
period from 1 to 11 hours after irradiation includes the peaks of the 
abortive recovery curves over the range of doses studied in detail, namely, 
50 to 900 r. However, the shape of the curves at the end of this period, 
after the lower doses, suggests an overlapping of a falling abortive recovery 
and a slowly rising final recovery. To include a longer period would 
increase this complication after low doses but would be more accurate 
after high doses when the abortive recovery extends considerably beyond 
11 hours. Therefore, the curves shown in text-figure 5 have broken lines 
from 300 to 900 r to indicate that the degree of flattening of the curves 
should be greater than is shown. 

Both acute destruction and a delay in entering division of those cells 
that do divide appear to be involved in the shapes of the abortive recovery 
curves. As the dose is increased, a progressive flattening of the curves 
occurs, indicating a stem-cell population relatively resistant to acute 
destruction. The initial delay in division is most apparent after higher 
doses, such as 700 to 900 r, when the abortive recovery extends to about 
36 hours after irradiation. 

Final recovery following prolongation of interphase-—Following the 
second fall in mitotic activity, there is a final sustained recovery as shown 
in text-figures 1 and 6. Figure 8 shows the large number of mitoses in the 
crypts of Lieberkihn in the rat’s jejunum 72 hours after 450 r; figure 9 
shows the crypts at the same time interval after 900 r when there is prac- 
tically no mitotic activity. This is not due to either acute destruction or 
sterilization of all stem cells because, when an equal degree of prolongation 
of interphase is produced by an equivalent tissue dose administered 
locally, eventual recovery of nearly half of the crypts occurs. 

The mitotic deficit during this period may be estimated by measuring 
the areas below the midpoint of the normal range and above the final 
recovery curves from 11 hours after irradiation until the mitotic rate has 
returned to normal (text-fig. 7). This deficit continues to increase as the 
dose is raised. This is not a linear function, but increases markedly after 
higher doses. 

Overshooting.—During final recovery, following doses of 150 to 700 r, 
there is a period when there are more cells in division per crypt than 
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Mitotic Count 


2 24 36 48 60 72 84 36 . 120 
Hours after irradiation 
TEXT-FIGURE 6.—Prolongation of interphase and final recovery in small-bowel epithe- 
lium of rat following total-body X irradiation. The mitotic counts shown in text- 
figure 1 during the period from 18 to 36 hours are omitted, except after low doses, 
because they represent varying admixtures of falling abortive, and slowly rising, final 
recovery curves. 


2000 4 
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TEXT-FIGURE 7.—Effect of dose of X radiation upon the mitotic deficit during pro- 
longation of interphase. 


normally. The extent of the overshooting during recovery increases up to 
450 r (text-figs. 1 and 6). Above 450 r the degree of overshooting de- 
creases. The apparent reason for this is that at 600 r an occasional 
crypt fails to recover and at 900 r many crypts fail to recover. That the 
phenomenon of overshooting was due to a real increase in the number of 
cells dividing rather than an apparent increase due to a lengthened mitotic 
time was established by a colchicine experiment. The number of arrested 
mitotic figures and those in active mitosis from 68 to 72 hours after 450 r 
equaled 432 in 4 hours compared to 274 such mitoses in the controls during 
a similar 4-hour period. 
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During the maximal overshoot the mitotic zone extended above the 
normal anatomical limits of the crypts, and nearly 25 percent of the 
mitoses were in this region (text-fig. 8). Continuous columns of mitoses 
extended to the base of the crypts. There was no morphological evidence 
that the total number of nondividing stem cells in the mitotic zone com- 
pared with controls was increased during this period. 


64 7 32 
jours 
56 4 24 Out of bose 
48 - 16 of crypts 
40 - 8 
Normal 32 — ° 450r 
72 Hours 
ae Within bose 
16 16 of crypts 
8 - 8 
4 8 (2 16 20 24 28 32 36 40 4448 52 56 4 8 l2 16 20 24 28 32 36 40 4448 52 56 
COLCHICINE 
64 
48 
40 
32 450r 
24 
16 
8 
12 16 20 24 28 32 36 40 44 4852 56 4 8 (2 16 20 24 28 32 36 40 44 48 52 56 
NO COLCHICINE 


Text-FIGURE 8.—Distribution of mitoses by crypts, normally and during maximal 
overshooting in recovery. Abscissas are the number of mitoses per crypt. Ordi- 
nates are the number of crypts containing the number of mitoses indicated on the 
axis of the abscissas. 


In addition, the weight of the entire small bowel 72 hours after 450 r, 
when mitotic activity was greatest, was nearly normal. The weight 
of the small bowel increases as the number of cell divisions continues 
above control levels.for about 24 hours and as the body weight returns 
to normal, Although not large in terms of grams, this increase in weight 
124 hours after 450 r is such that the small bowel of these 200 gm. rats 
equals the weight of this organ in rats weighing around 400 gm. The 
greatest overshoot in weight also followed the dose of roentgens that pro- 
duced the highest and most sustained overshoot in mitotic activity 
(table 5). 

Differential crypt sensitivity—It was first apparent from sections of 
small bowel from an animal surviving 96 hours after 900 r of total-body 
X radiation, and given colchicine, that the stem cells of even adjacent 


Vol. 21, No. 1, July 1958 
466339—58——3 


oe 
‘ 
4 
| 
Bay 
a 
‘ 
3 
i 
a 
E 
: 
“Toa 
ae 


32 WILLIAMS, TOAL, WHITE, AND CARPENTER 


TaBLE 5.—Time sequence involved in overshooting of mitotic activity and wet 
weight of small-bowel epithelium of rat following total-body X irradiation 


Mean wet 
Dose Number of | Hours after weight at Mitoses per 10 
(r) animals irradiation autopsy * field diameters 
(gm.) 
300 9 60 6. 13 60 
9 96 9. 30 46. 3 
450 10 72 8. 55 70 
9 89 8.7 65. 8 
9 124 10. 4 50 
Controls 14 No irradiation 8.8 49.24+2.9 


*If corrected for percentage loss in body weight, the small-bowel weights after irradiation would be 
higher. 


crypts recover at quite different times and to varying degrees after the 
same dose of radiation (fig. 15). To determine whether this differential 
sensitivity observed after irradiation was due to inherent differences in 
the mitotic rates of different crypts, we injected normal rats with colchicine 
and determined mitotic activity per crypt over a period of 4hours. Differ- 
ences in the mitotic rate of individual crypts of control animals were noted, 
the distribution of which is shown in text-figure 8. (Over 20,000 mitoses 
were counted in 9 normal animals injected with colchicine.) 

The frequency distribution of mitotic rates in individual crypts during 
final recovery following 150 through 900 r is illustrated in text-figure 9. 
There are fewer crypts that show mitotic activity and fewer mitoses per 
crypt at similar postirradiation times after increasing doses. The time at 
which individual stem cells recover increases with dose, but the over-all 
recovery pattern of the crypts is remarkably similar. Delay in final 
recovery is not directly proportional to dose but is longer at higher doses 
than would result from a linear, hours per roentgen, relationship. 

To exclude the possibility that differences in blood flow during or just 
preceding the period of irradiation could be influencing the crypt sensi- 
tivity, an exteriorized loop of small bowel was clamped for 30 minutes with 
an arterial clamp and special precautions were taken to protect the bowel 
from excess pressure, while maintaining complete interruption of blood 
flow. Although the clamping resulted in roughly a 50 percent reduction 
in the effect of the dose due to the state of anoxia, a striking differential 
recovery of adjacent crypts was apparent 96 hours after irradiation with 
1500 r. 

Failure of recovery, differentiation, and death of cells and crypts.—At 
radiation doses above approximately 450 r, all the stem cells that escape 
acute destruction do not resume mitotic activity. Instead, increasing 
numbers of such cells differentiate as the dose is raised. This is indicated 
morphologically by the production of mucin in the cytoplasm of an 
increasing number of epithelial cells in the crypts. Subsequently these 
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TEXT-FIGURE 9.—Frequency distribution of mitotic rates in individual crypts of 
small-bowel epithelium of rat during recovery following prolongation of interphase. 
Abscissas are the number of mitoses per crypt. Ordinates are the number of crypts 
containing the number of mitoses indicated on the axis of the abscissas. Total- 
body X radiation was used for all except the bottom row, which represents 1000 r 
to an exteriorized loop of jejunum, roughly equivalent, as far as recovery of the 
small-bowel epithelium is concerned, to a total-body dose of 900 r (12). Colchicine 
was given to all animals. A total of over 120,000 mitoses is included. 


cells degenerate and are shed into the lumen of the small intestine several 
days after irradiation. 

Figure 14 shows the appearance of the crypts 112 hours after 1000 r of 
X radiation to an exteriorized loop of bowel. The crypts that are actively 
recovering show few or no differentiating cells. Crypts, whose lining 
epithelial cells have undergone differentiation, aging, and death, in lieu 
of recovery, stand out clearly as dilated spaces filled with red-staining 
mucin. A greatly reduced number of epithelial cells, squamous rather 
than columnar in shape, and with cytoplasm filled with mucin, still line 
some of these dilated crypts. 

Two hundred and twenty hours after 1000 r to an exteriorized loop, 
the structural framework of most of the villi is irreparably damaged, 
even though stem cells in some of the underlying crypts may continue 
to recover. This results in stratification of cells in the crypts when 
normal migration of epithelial cells in a single row up the villi is no longer 
possible. Such a picture is commonly referred to as a hyperplasia even 


Vol. 21, No. 1, July 1958 


po 
56 56 
22hr 4s 33hr 4s 49 hr 
40 40 
32 32 
YW N 
' Y 16 16 ann 
64 64 64 a 
56 56 
40 40 40 
16) 16 Vy, 16 spy 
4 8 620242832 48 (2 620242832 4 8 21620242822 
64 64 64 a 
§ 56 36hr 86 SOhr 96 hr 
48 48 48 
40 40 40 
bs 
a 


- 34 WILLIAMS, TOAL, WHITE, AND CARPENTER 


though the percentage of stem cells undergoing division may not be 
excessive. 

Figure 11 shows the crypts of the sma!l-bowel epithelium 53 hours 
after 3000 r total-body X radiation. There are still many epithelial 
cells lining the crypts. However, evidence of acute destruction of cells 
as indicated by nuclear fragmentation and pyknotic nuclei has long since 
disappeared due to the shedding of such cells into the lumen of the bowel. 
Differentiation in the majority of cells lining the crypts is strikingly 
evident as indicated by the presence of numerous cells distended with 
mucin. Such cells undergo premature aging and death without dividing. 

Figure 12 shows a section of the crypts of the small intestine 72 hours 
after 3000 r total-body X radiation, by which time all the crypts are 
irreparably damaged. They are dilated and lined by a much smaller 
number of cells than normal, which have become squamous in character 
to cover the surface. The lumens of the dilated crypts may be filled 
with mucin from disintegrated cells that have been shed into them. 
Such material escapes via the intervillous spaces, as seen in figure 13. 

Obliteration of the epithelial elements in this tissue is not dependent 
upon concomitant effects produced upon the stroma and blood vessels 
but is due to an effect upon the parenchymatous cells. The stem cells 
of the crypts may be sterilized, differentiate, and shed into the lumen 
along with all other mucosal epithelial cells before hemorrhage or vascular 
effects become prominent (fig. 10). 

The number of roentgens required to permanently sterilize a particular 
stem cell in the small-bowel epithelium under a given set of conditions 
appears to be precise. The set of circumstances is, however, complex 
and includes, in addition to the dose, the species, tissue, time, and radio- 
logic factors which are interdependent. 

Shielding experiments——To determine whether the effects described 
were local or mediated by humoral factors the following experiments 
were performed. 

Five hours after shielding a 4 cm. exteriorized loop of small bowel 
within a one-eighth-inch thick, lead receptacle, and irradiating the rest of 
the body with 450 r, there is no evidence of an abnormal increase in the 
number of fragmented cells or any change in the rate of division in the 
shielded loop (fig. 16). Sections of irradiated small bowel within the 
body of the same animal, in contrast, show numerous acutely destroyed 
cells and almost no mitoses even after the administration of colchicine 
4 hours before sacrifice (fig. 17). Cell division is also maintained at the 
normal rate in shielded, exteriorized loops of small intestine 68 hours 
after 2000 r is administered to the rest of the body, despite the fact 
that this is only a few hours before death from such treatment. Figure 18 
shows the sharp transition in a single microscopic field between a shielded, 
exteriorized loop, and the unshielded small bowel. The difference is 
illustrated at higher magnification in figures 19 and 20. 

Recovery of the small-bowel epithelium following X irradiation is not 
affected by shielding any amount of the rest of the body, in contrast to 
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the bone marrow where shielding any portion of the reticuloendothelial 
system results in a demonstrable increase in the time and extent of re- 
covery. Figure 21 shows at low magnification the sharp transition 
between an irradiated exteriorized loop and the adjacent segment of 
bowel shielded along with the remainder of the body, 108 hours after 
1200 r. 

Acute cell destruction, and prolongation of interphase of stem cells in 
the crypts of the small-bowel epithelium are thus not mediated through 
any circulating toxic products or influenced by systemic effects resulting 
from irradiation. 

Discussion 


A large percentage of the thousands of papers in radiobiology, dating 
from 1895, deal with effects of irradiation upon cells in mitosis. The 
observations presented in this series of papers result from effects of X 
radiation upon cells that are not in any stage of visible mitosis during 
exposure to X rays. Reports in the literature, for the most part, ignore 
the relationship of the effects observed following irradiation to cells in 
interphase at the time of irradiation, despite the fact that in mammalian 
tissues the great majority of the stem cells responsible for recovery are 
in interphase at, or during, the period of irradiation. 

The primary physical and chemical events after irradiation are ‘“instan- 
taneous” compared with the time required for evidence of morphological 
and biological injuries to become apparent. At issue in our studies is 
the relative importance of different biological effects, all occurring at the 
time of irradiation, upon the extent and time of recovery of the small- 
bowel epithelium. Some injuries are irrecoverable, some are completely 
recoverable, and some are only partly recoverable. 

Four criteria are essential to evaluate morphological and biochemical 
changes after irradiation. These include: 1) the tissue dose; 2) the specific 
time after irradiation; 3) the particular biological effect produced; and 4) 
the relationship of this effect to the succession of morphological and 
chemical events that result from this particular exposure. Nevertheless, 
competent investigators have uncritically measured the action of several 
antimitotic agents (given at the LD50 level) upon pooled tissues from 
such a variety of organs as the spleen, testes, liver, kidney, and intestine 
(13). 


Changes in Epithelial-Cell Populations of Crypts aud Villi 


In a recent report dealing with cell turnover in epithelial populations, 
Hooper (14) states that “‘. . . it seems certain that cell turnover in the 
intestinal epithelium is not a simple repair process following damage by 
the passage of food masses.” In fasted animals Hooper found no sig- 
nificant effect upon the mitotic activity in the crypts but did observe a 
significant reduction in the number of cells along the sides of the villi 
which indicated a greater cell loss than normal. 

For 72 hours following irradiation with 900 r we observed a steadily 
decreasing number of cells lining the villi and a decrease in the height of the 
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villi through the contraction of smooth muscle cells in the lamina propria of 
the villi. However, although all cells lining the villi would normally be 
replaced in less than 72 hours, there was no complete denudation of a 
single villus at this time interval after 900 r (fig. 9). 

Thus, epithelial cells covering the villi survive longer, 72 hours after 
900 r, than under normal conditions, and for shorter periods than usual 
after fasting per se. 

During the maximum overshoot, approximately 72 hours after 450 r, 
about 1.5 times as many cells are in mitosis in the crypts as are normally 
encountered, about 25 percent of which occur above the usual zone of 
mitotic activity (text-fig. 8). This is associated with an increase in the 
height of the crypts (fig. 22). 

Such results indicate that under different conditions the survival time 
of cells that line the villi is not fixed, and that extrusion and loss may 
occur in the absence of cell division as well as be excessive in the face of 
normal mitotic activity in the crypts. 


Stage of the Mitotic Cycle Involved 


Cells in division.—All stages of division in one or another form of life 
have been reported to be the most sensitive to ionizing radiation from 
the particular biological effect under study. 

Changes in the small-bowel epithelium of the rat during the 1st hour 
after irradiation have been reported by Widner et al. (3). Cells in mid- 
prophase and beyond continue their course, while almost no cells enter 
division during the 1st hour, in our studies, after doses of 75 r and above. 
The slope of the fall in mitotic activity during the 1st hour after irradi- 
ation was used to determine the mitotic time (3). 

Intermitotic cells —As we have shown, the number of stem cells taking 
part in the abortive recovery and in the final recovery far exceed the 
number of stem cells that are in all stages of division at the time of irradia- 
tion, and therefore must have been in interphase at the time of irradia- 
tion. 

It is reasonable to assume that the first evidence of deviations from the 
normal mitotic activity after irradiation are due to cells that had com- 
pleted much of their interphase period. For this reason we have thought 
of the initial drop, the acute destruction, and the abortive recovery as 
responses by cells that were in late interphase at the time of irradiation. 

Since the final sustained recovery follows these changes after all doses 
studied, the cells involved in the final recovery must have been in an 
earlier stage of interphase at the time of irradiation. 

Initial drop and abortive mitotic recovery.—The initial drop may be due 
to both acute destruction and a delay of cells in entering division. 

Friedenwald’s studies of the cornea (15) indicate the critical relation- 
ship between the dose employed and the presence or extent of the biological 
effect observed. Using “. . . the dose which produces 24 hours inhibi- 
tion of mitosis . . .” as the basis of comparison, he found that nuclear 
fragmentation or acute cell destruction in the cornea was produced by 
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one third this dose of ultraviolet, by 10 times this dose of nitrogen mus- 
tard, and not produced with 200 times this dose of X rays. 

Furthermore, while an initial fall in mitotic activity followed by an 
abortive recovery occurs in both the small-bowel epithelium and the 
regenerating liver of the rat following X irradiation, it is associated with 
acute cell destruction only in the small-intestinal epithelium (16). 
Warren et al. (17) showed that vacuoles, in which only water has been 
demonstrated, form in the nucleus of certain cells in the crypts of the 
small-bowel epithelium of the rat following X irradiation. The enlarge- 
ment of such vacuoles is associated with rupture and fragmentation of the 
nucleus, and cell death. In the regenerating liver small ‘watery’ 
vacuoles form, but are extruded from the nucleus without rupture or cell 
death. 

During the initial drop, although the number of mitoses falls to nearly 
zero following doses of 75 r and above, the abortive recovery encountered 
is not associated with a sustained degree of overshooting, much less an 
overshoot related to the duration of the delay. 

Therefore, it is not comparable to the arrest of cells entering prophase 
following gamma irradiation of tissue cultures (18) in which the extent 
of the subsequent overshooting depended upon the duration of the 
mitotic arrest. This effect is comparable to a gate being placed in front 
of marching columns for varying periods of time. 

Neither is the initial drop comparable to the arrest of cells during 
metaphase, which occurs following the injection of colchicine. The 
number of arrested metaphases in the small-bowel epithelium increases 
with time over the 4-hour period studied. Grant (19) has also observed 
such an arrest following colchicine administration in the erythroid series 
in the bone marrow. 

Prolongation of interphase, recovery, and overshooting—We have termed 
the second period of mitotic inhibition “prolongation of interphase,’’ even 
though the initial fall in mitotic activity and acute cell destruction also 
involve intermitotic cells, because the total time that recovery is delayed 
or interphase lengthened depends primarily upon this second period of 
mitotic inhibition. Acute cell destruction and the abortive recovery 
involve a matter of hours, while prolongation of interphase and final re- 
covery may extend over a period of days. 

At least four alternative explanations might be postulated for the 
mechanisms involved in prolongation of interphase and final recovery: 


(a) If the interphase of all stem cells involved in maintaining a constant mitotic 
rate normally was prolonged the same length of time in terms of so many minutes 
or hours per roentgen, as has been claimed in the case of the rat cornea (20), then 
there would be an increasing linear delay with increasing dose and the same type of 
recovery without overshooting. However, in the small-bowel epithelium of the rat 
the data indicate an increasing delay with increasing dose which is not linear (text- 
fig. 7), as well as definite sustained overshooting during recovery. 

(b) A differential delay of different stem cells from the same dose of irradiation 
would result in a distortion of the normal progression through interphase, which 
would result in some cells recovering before others or out of sequence. This could 
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account for the fact that, during the 11 hours after irradiation until the control rate 
is reached, more than twice as many mitotic figures occur as are present at any one 
time normally. If such a mechanism were extended to include overshooting, it is 
difficult to see why an oscillation above and below the control rate would not ensue 
following the overshoot. 

(c) During recovery a deficit in the number of stem cells might be compensated 
for, theoretically, by a change in the normal pattern of division and differentiation, 
so that both daughter cells would divide again instead of following the usual course 
of one daughter cell differentiating and the other remaining to continue the cycle. 
One could postulate that all cells in the crypts divided until they reached the junc- 
tion of the crypt and villus under normal conditions and after irradiation. It 
would then only be necessary to assume that some magic number or column of 
cells was maintained at all times in the crypts, normally, and restored after irradia- 
tion. That the number of mitotic figures and the height of the column of cells in 
the crypts is not fixed but can be increased, as well as profoundly reduced, is illus- 
trated in figure 22. Such a theory would neither explain nor be consistent with 
the fact that a sustained overshoot, as much as 50 percent above the normal mitotic 
rate at its peak, occurs after 450 r, persists over a period of at least 24 hours before 
returning to normal, and is followed by an increase in the weight of the entire small 
bowel compared with controls of the same or even considerably greater body weight. 

(d) The final recovery patterns after a variety of doses, as shown in text-figure 
9, are remarkably uniform, beginning in each case with a J-shaped pattern, and 
progressing to the normal “‘bell’” shape. By the time the mitotic rate has returned 
to normal, the number of crypts and mitotic figures per crypt simulate the normal 
pattern whether this occurs approximately 49 hours after 150 r or more than 96 
hours after 700 r. The number of cells undergoing division during the recov- 
ery periods indicates that at least some cells divide more than once before the 
normal rate is regained. 


It appears to us that a decrease in the intermitotic time of each stem 
cell may occur during recovery by which the cells acutely destroyed are re- 
placed, overshooting produced, and the normal age relationships of 
epithelial cells lining crypts and villi restored. 

It has been pointed out in ‘‘Results” that the overshoot during recovery 
after 450 r is associated with an actual increase in the weight of the entire 
small intestine above normal, which reaches its maximum at a time when 
the mitotic rate in the crypts is returning to normal. About 50 percent 
of the small-bowel weight is made up by the mucosa, and about half of 
this is normally due to epithelial cells covering the villi. A sustained 
mitotic rate above normal from 24 to 36 hours, with an “average com- 
plete turnover” time of 60 hours, would of necessity increase the weight 
of the bowel unless compensated for by an equal loss from the villi. The 
latter is improbable in view of the fact that these excess epithelial cells 
are quite young in terms of normal “life expectancy.”’ Conard (2/) also 
reported overshooting the weight of the small intestine of the mouse at 
doses that correspond to the authors’ in terms of the relative sensitivity 
of the mouse and rat bowel to X irradiation. On the basis of mitotic 
activity the authors found the rat bowel to be approximately 1.5 times as 
sensitive as the LAF, mouse bowel (22 and text-fig. 10), while Conard 
reported that on the basis of weight the small intestine of the NMRI 
Sprague-Dawley rat was 1.6 times as sensitive as that of LAF; mice from 
the same source, namely, the National Institutes of Health. The maxi- 
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mum overshooting in weight in Conard’s studies, amounting to about 25 
percent, occurred following doses of about 700 r to LAF, mice. 
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TEXT-FIGURE 10.—Comparison of the degree of recovery of cell division in the small- 
bowel epithelium of male Sprague-Dawley rats and LAF; female mice after various 
doses of total-body X radiation. The probit of the percent recovery of the nor- 
mal rate for each species 72 hours after irradiation is plotted against the logarithm 
of the dose. Controls and irradiated animals were givea colchicine 4 hours before 
sacrifice. 


An increase in weight does not occur during the 4-hour period of meta- 
phase arrest from colchicine even though the number of visible mitoses 
is increased 5.5 times, nor does it occur during the abortive mitotic re- 
covery following irradiation. 

Overshooting cannot be due to the simple addition of cells involved 
in the abortive rise plus those that are recovering after a prolonged inter- 
phase because the number of cells in the abortive mitotic recovery de- 
creases as the dose is increased from 150 to 450 r, while the extent of over- 
shooting increases. Furthermore, the duration of the abortive rise in- 
volves a period of about 6 to 8 hours, while the overshoot after 450 r 
occupies from 24 to 36 hours. 

Differential crypt and cell sensitivity—We have demonstrated that 
crypts have different inherent mitotic rates and different sensitivities 
to X rays, and that the variable sensitivity noted is not caused by differ- 
ences in blood flow just before or during the period of irradiation. These 
different inherent mitotic rates may contribute to a distortion in the 
sequence of recovery of crypts and cells. Packard (23) has observed 
that by increasing the rates of division of Drosophila eggs he was able to 
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raise their sensitivity to X rays. However, a fivefold increase in the mi- 
totic rate resulted in only a 40 percent increase in their sensitivity. 

The cause of the two apparent spurts or peaks in the recovery curves 
is not known, though either a temporary reduction or exhaustion of some 
substance required in a biochemical reaction or a disturbance in the normal 
intermitotic sequence may be considered. 


Recoverable and Irrecoverable Components of Ionizing Radiation 
Injury 


The capacity of the small-bowel epithelium to recover after X irradia- 
tion, provided the host survives, depends upon the number of stem 
cells that retain the capacity to divide. This number is reduced by two 
different effects of ionizing radiation, namely, acute cell destruction and 
permanent mitotic inhibition. 

Prolongation of interphase is a graded action of X rays which increases 
with dose. It can progress to permanent inhibition of division, which 
involves all stem cells in an occasional crypt after doses as low as 600 
r, and permanently sterilizes all crypts after doses of approximately 
2000 r. Failure of division of stem cells lining the crypts is followed by 
their differentiation but not their immediate death, as we have shown, 
and has been reported for this and for certain other tissues by Friedman 
(6), Gliicksmann (24), and others. The proportion of stem cells under- 
going acute destruction, even after a tissue-lethal dose, is relatively small 
compared to the number that undergo differentiation or sterilization in 
lieu of division. 

Acute cell destruction in the small bowel is irrecoverable as far as the 
particular stem cell involved is concerned. Yet after 450 r, although 
approximately 75 percent of the stem cells normally undergoing division 
over a period of 11 hours are acutely destroyed, complete recovery of 
all the crypts is the end result. Similarly, some animals survive doses 
that result in the permanent destruction of occasional crypts through 
sterilization. Thus in the case of the small-bowel epithelium, animals 
may fully recover after irrecoverable effects on some stem cells and crypts, 
or survive for 2 or 3 days with a sterilized epithelium lining all the crypts 
after tissue-lethal doses. 

Lea (25) discusses a single period of mitotic inhibition resulting from 
X irradiation, and regards this delay in division as temporary and re- 
versible. 

In the bone marrow, X-ray doses in the upper lethal range acutely 
destroy most, if not all, of the blast cells, and aplasia results. However, 
the duration of mitotic inhibition of primitive reticuloendothelial stem 
cells may be the determining factor in both the time and extent of spon- 
taneous recovery of the bone marrow following ionizing radiation. 

The delay in recovery of spermatogenesis in the testes after irradiation 
has-been attributed primarily to the duration of mitotic inhibition by 
Eschenbrenner and Miller (26) and by Bryan and Gowen (27), and to 


Journal of the National Cancer Institute 


| 


| 
3 
q 


EFFECT OF X RAYS ON SMALL BOWEL 41 


acute destruction of spermatogonia by Oakberg (28). Shaver (29) 
found the dustlike spermatogonia in the rat’s testes to be the most radio- 
sensitive cells, with respect to mitotic inhibition, but the most radioresis- 
tant, with the exception of mature sperm, in their ability to withstand 
acute destruction by X rays. Thus, the relative importance of acute 
destruction and mitotic inhibition to the time and extent of recovery 
of the testes after irradiation remains at issue. 


Relationship of Time Sequence to Mitotic Activity in the Crypts of 
Small-Bowel Epithelium after Different Doses of X rays 


During much of the postirradiation period, the situation in the small- 
bowel epithelium of the rat is complex due primarily to different biological 
effects occurring simultaneously upon different cell populations in inter- 
phase, and to overshooting during recovery. For example, at 10 hours 
after irradiation the mitotic activity per unit area is essentially the same 
after doses of 75, 450, 600, and 900 r. The mitotic rate, at 10 hours after 
75 r, represents both a falling abortive mitotic recovery and a beginning, 
final, sustained recovery. After 450 r, this count represents only a falling 
abortive recovery; after 600 r the fall has not yet started; and after 900 

r the rise in the abortive mitotic recovery is near maximum 10 hours after 
j irradiation. Thus, at this single time interval one may obtain the same 
; mitotic count after doses of X rays, which vary by a factor of 12. 

During final sustained recovery because of overshooting, there is a higher 
mitotic count 72 hours after 450 r than at this time after doses of 50 to 
300 r. The rate of cell division 40 hours after 150, 225, and 300 r is the 
same due to differential crypt sensitivity, an exponential delay in recovery 
incident to dose, and shortening of the intermitotic time during recovery. 
Here a difference by a factor of 2 in the dose received makes no difference 
in the degree of recovery, if measured solely in terms of mitotic activity 
at this particular time after irradiation. 

Once the morphological sequence of changes after different doses of 
X rays has been quantitatively determined, then either the abortive 
mitotic recovery or the final sustained recovery may be used as biological 
dosimeters within certain dose ranges. With such data one may study 
also the effects of fractionation, of physical dose rate, and of different 
qualities of irradiation upon the biological effects observed after single 
doses of X rays, as well as interpret the sequence of biochemical changes 
that follow irradiation. The results of such experiments will be reported 
in future papers. 


Summary 


1) Differential effects of X radiation upon stem cells in interphase, 
: in the crypts of the small-bowel epithelium of adult, male Sprague- 
Dawley rats have been demonstrated, which consist of an initial drop in 
mitotic activity, acute cell destruction, abortive mitotic recovery, pro- 
longation of interphase, and final recovery with overshooting. 

2) Acute destruction and an abortive mitotic recovery are responses 
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of cells presumed to be in late interphase at the time of irradiation. 
Acute cell death is characterized by vacuolization, rupture, and frag- 
mentation of the nucleus, with the number of cells involved increasing 
with dose but decreasing in proportion to dose. The number of cells 
acutely destroyed appear to vary inversely with the number undergoing 
an abortive mitotic recovery. On the basis of graphical integrations, the 
stem cells involved in these effects are estimated to occupy normally 
about 8 hours of the intermitotic period. Both acute destruction and an 
initial delay in division appear to be involved in the shapes of the abortive 
recovery curves. Overshooting in mitotic activity above control levels 
does not occur to a significant degree during the abortive recovery. 

3) A prolongation of interphase is apparent and is attributed to stem 
cells presumed to be in early interphase at the time of irradiation. This 
prolongation of interphase continues to increase as the dose is raised. 
Recovery may be delayed for periods of time equivalent to several normal 
interphases. 

4) Final recovery appears to involve a decrease in the intermitotic 
time of surviving stem cells. This provides a mechanism for replacement 
of those stem cells that have been acutely destroyed, an explanation for 
the sustained overshoot in mitotic activity observed during recovery, and 
a restoration of the normal age relationships of epithelial cells lining the 
crypts and villi. 

5) During final recovery, sustained overshooting of mitotic activity 
occurs and increases in magnitude up to doses of 450 r, while the number 
of cells undergoing acute destruction also increases. There is an increase 
in weight of the entire small intestine above control levels, the extent of 
which is directly related to the degree of overshooting in mitotic activity. 
As the dose of X rays increases above 450 r an increasing number of crypts 
fails to recover at all, thus reducing the total number of cells involved in 
the overshoot. 

6) A tissue-lethal dose of radiation does not result in the acute destruc- 
tion of the majority of cells involved in the continual replacement of the 
small-bowel epithelium. However, a permanent inhibition of division 
occurs. After these doses the bulk of the stem cells undergo differentia- 
tion and survive for several days, the effect being somewhat analogous to 
sterilization. This action of X radiation may be due to the complete 
destruction of some compound that stem cells in early interphase are 
synthesizing during their progress toward division. Lesser degrees of 
destruction lead to the dose-dependent prolongation of interphase observed. 

7) These effects of X radiation upon stem cells in the crypts of the 
small-bowel epithelium are direct in the sense that they are not influenced 
by actions of irradiation upon the rest of the body. However, at the 
intracellular level these effects are indirect in that they may be altered 
by environmental changes such as anoxia. 

8) Acute cell destruction and differentiation and death, in lieu of 
division, occur earlier and involve greater numbers of stem cells as the 
dose of X rays is increased. On the other hand, the abortive rise in 
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mitotic activity and final sustained recovery occur later as the number of 
roentgens is increased. 

9) The mitotic time of stem cells of the crypts of the small-bowel 
epithelium of control rats, determined through the use of colchicine, is 
about 45 minutes. The percent of stem cells in division is 2.5. The 
intermitotic time is approximately 30 hours. In normal animals, a con- 
stant total epithelial-cell population divided equally between crypts and 
villi, and a constant rate of division in the crypts, would result in a com- 
plete turnover of the epithelium in approximately 60 hours. 

10) The vast majority of vegetative intermitotic or stem cells respon- 
sible for the regeneration of rapidly proliferating mammalian tissues are 
in some stage of interphase during irradiation. What happens to such 
cells is therefore more important in determining the time and degree of 
recovery than what happens to the relatively few stem cells that are in 
any phase of visible mitosis during irradiation. Effects upon the regulat- 
ing tissue(s) may, however, be the dominant factor in the time of recovery 
of stem cells under humoral control. . 
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PLATE 1 


Ficure 1.—Scattered mitotic figures in the crypts of the small intestine of a normal 
rat. Feulgen stain. X< 225 


Ficure 2.—Large number of mitotic figures, chiefly arrested metaphases, in the 
crypts of the small intestine of a rat 4 hours after th. 1 \traperitoneal injection of 
1 mg. per kg. of colchicine. Hematoxylin and eosin. X 200 
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PLATE 2 


Crypts of small intestine of rat following total-body X irradiation. Hematoxylin 
and eosin. 

Figure 3.—Five hours after 150 150 

Figure 4.—-Five hours after 450 r. 300 


Figure 5.—Five hours after 3000 r. 300 
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PLATE 3 


Crypts of small intestine of rat following total-body X irradiation. Colchicine 
1 mg. per kg. 4 hours prior to sacrifice. Hematoxylin and eosin. 


Figure 6.—Nine hours after 450 r. 300 
Ficure 7.—Nine hours after 900 r. 300 
Figure 8.—Seventy-two hours after 450 r. 150 


Figure 9.—Seventy-two hours after 900 r. 150 
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PLATE 4 


Ficure 10.—Complete denudation of an exteriorized loop of small intestine 6 days 
after exposure to 1800 r. Not a single epithelial cell is present. Only the lamina 
propria, muscularis mucosa, submucosa, and smooth muscle coats remain. Hema- 
toxylin and eosin. > 250 


Figure 11.—Small intestine of rat 53 hours after 3000 r total-body X radiation. 
The majority of epithelial cells still lining the crypts have undergone differentiation 
as indicated by large aggregates of mucin in their cytoplasm. Mucicarmine stain. 
300 
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PLatTe 5 


Figure 12.—Crypts of small intestine of rat 72 hours after 3000 r total-body X radi- 
ation. A few flattened epithelial cells, their eytoplasm distended with mucin, still 
line the dilated erypts. The villi are greatly decreased in height, flattened, and 
lined by bizarre, enlarged epithelial cells whose cytoplasm is frequently either 
vacuolated or filled with mucin. Mucicarmine stain. > 300 


Figure 13.—Crypts of small intestine of another rat 72 hours after 3000 r total-body 
X radiation. Large masses of mucin and degenerated epithelial cells have been 
desquamated and are being shed via the intervillus spaces. Mucicarmine. X 300 


Figure 14.-Crypts of an exteriorized loop of small intestine of rat 112 hours after 
exposure to L000 r. Epithelial cells lining crypts that are recovering contain prac- 
tically no mucin. Crypts whose stem cells have undergone differentiation stand 
out as dilated spaces, either filled with mucin or lined by a few flattened epithelial 
cells whose elongated cytoplasm stains bright red with mucicarmine. > 175 


Fieure 15.—Crypts of the small-bowel epithelium from 1 of 3 surviving 96 hours 
after 900 r total-body X radiation. Colchicine, 1 mg. per kg., was given 4 hours 
prior to sacrifice. The variation in the degree of recovery of adjacent crypts is 
striking. Feulgen stain. 250 
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PLATE 6 


Ficure 16.—Crypts of an exteriorized loop of small intestine of rat shielded with one- 
eighth inch of lead. The rest of the animal was irradiated with 450 r. Colchicine 
was injected intraperitoneally 4 hours prior to sacrifice. There is no increase in 
fragmented cells or effect upon the rate of cell division 5 hours after irradiation. 
Hematoxylin and eosin. 250 


Ficure 17.—Crypts of exposed small intestine from same animal illustrated in figure 
16. Hematoxylin and eosin. X 250 


Ficgure 18.—Transition between 5 em. exteriorized, shielded loop of small intestine 
and the exposed intestine of a rat, 68 hours after 2000 r to the rest of the body. 
Colchicine, 1 mg. per kg., 4 hours before sacrifice. Even though this is just before 
death there is no effect upon cell division in the shielded loop. Hematoxylin and 
eosin. XX 125 
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PLATE 7 


Figure 19.—Greater magnification of shielded crypts of exteriorized loop of small 
intestine of animal shown in figure 18. Hematoxylin and eosin. 250 


Figure 20.—Greater magnification of crypts of exposed small intestine of animal in 
figure 18. Hematoxylin and eosin. X 250 


Figure 21.—Sharp transition between irradiated exteriorized loop on right and 
shielded small intestine in body of a rat. The villi in the exposed small bowel 
108 hours after 1200 r have greatly decreased in height, while large numbers of 
epithelial cells have been lost and some crypts irreparably damaged. 
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PLaTE 8 
Figure 22.—Sections of the jejunum of 3 rats illustrating changes in the epithelial- 
cell populations and height of the villi and erypts after total-body X irradiation. 
Colchicine, 1 mg. per kg., was given to each animal 4 hours before sacrifice. 
Hematoxylin and eosin. X 175 
A. Normal. 


B. Seventy-two hours after 450 r. 
C. Seventy-two hours after 900 r. 
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Effect of Total-Body X Radiation from 
Near-Threshold to Tissue-Lethal Doses 
on Small-Bowel Epithelium of the Rat. 
II. Changes in Nucleic Acid and Protein 
Synthesis in Relation to Cell Division ' 


Jane Nicotet Toat,? James C. Rem,’ R. BLanp 
and Waite,’ Laboratory of Phys- 
iology, National Cancer Institute,’ and Pathology Divi- 
sion, Naval Medical Research Institute,‘ Bethesda, 
Maryland 


Paper I of this series (1) communicated the results of a study of the 
changes in morphology and mitotic activity produced in the small bowel 
of the rat by X irradiation. This paper is a report of nucleic acid and 
protein synthesis in the same tissue under identical experimental condi- 
tions but with glycine-N™ as a tracer. A preliminary report appeared 
earlier (2). 

Numerous investigations of the effect of X radiation on the incorpora- 
tion of isotope into nucleic acids and proteins from various labeled pre- 
cursors have been recorded and their major aspects have been recently 
reviewed (3). The main impression derived from this work is that ioniz- 
ing radiation depresses deoxyribonucleic acid (DNA) synthesis, though 
occasionally enhancement is seen, and results with different precursors 
are not altogether in agreement. Observations of the effect of radiation 
upon pentose nucleic acid (PNA) synthesis are somewhat more varia- 
ble, and protein synthesis is reported to be either unchanged or slightly 
stimulated. 

Any attempt to correlate these reports for the purpose of defining more 
clearly the biochemical nature of the radiation effect is rendered difficult 
by the variety of experimental conditions that have been employed and 
the number of factors that can influence the chemical information. The 
latter include the choice of organism, the tissue examined, the precursor 
used to carry the isotope, the metabolites selected for examination, and 
the choice of chemical procedures used for their isolation. In addition 
to these factors the cytological aspects must be considered. The com- 
plexity of the relationships existing between the dose of radiation and the 
postirradiation interval in determining the microscopically observable 
tissue changes (1) requires experiments designed to cover a reasonable 
range of these variables. An attempt is made in the present paper to 
satisfy these requirements and to minimize ambiguities by correlating 
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obtained under the same experimental conditions. 


Experimental Plan 


The index that we have employed to follow the synthesis of DNA, 
PNA, and protein is the concentration of isotopic nitrogen found 5 hours 
after a single tracer dose of glycine-N™. Since glycine is both a direct 
precursor and an indirect (via deamination) precursor common to all of 
them, it is to be expected that the effects of complicating factors, such as 
differences in pool sizes, alternate pathways of incorporation, and isotope 
leakage, will be minimal and that changes in the isotope concentrations, 
expressed as a percentage of the normal values, will reliably reflect changes 
in the over-all rate of synthesis produced by the experimental conditions 
under study. 

For observations of radiation effects Sprague-Dawley rats, weighing 
between 175 and 225 gm., were exposed to whole-body radiation as 
previously described (1) in groups of 5 to 9 and killed at selected times. 
The radiation dosage covered the range 225 to 600 r with a few observations 
at 900 and 2000 r. One experiment was also done to observe the effect 
of mitotic arrest induced by colchicine on N® incorporation. In this 
experiment, unirradiated animals were given a dose of glycine-N™ followed 
in 1 hour by 1 mg. per kg. of colchicine and were killed 4 hours later. 

The 5-hour isotope uptake was determined in a group of normal rats 
to establish the control level and in 2 additional normal groups the isotope 
uptake was observed for a more extended period. In one of these the 
interval between injection and sacrifice was 15 hours and in the other it 
was 30 hours. In the latter group, each rat received an additional 0.5 ml. 
of labeled-glycine solution at 15 hours to reinforce tissue supplies. 

It was deemed advisable to examine the purified purine bases indi- 
vidually rather than assay crude whole nucleic acid fractions, because it 
was desirable to insure the absence of contamination by protein and 
because there were indications that the incorporation of glycine-N into 
the purines is a considerably more direct process than its incorporation 
into the pyrimidines (4, 5). The pyrimidines of PNA were also assayed 
to provide more information on this latter point. 

For chemical examination the entire small bowel was taken, whereas the 
morphological observations (1) relate primarily to the sequence of changes 
in its epithelial components. However, the principal changes produced 
by irradiation occur in the epithelium; quantitative aspects in the lymph- 
oid tissue are minor. For these reasons, as well as others that will become 
apparent, it is believed that the sequence of observed biochemical changes 
is related to effects in the epithelium. 


Methods 


‘Isotope administration—Five hours before sacrifice each animal re- 
ceived, intraperitoneally, 1 ml. of a solution of glycine-N™ dissolved in 
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water at a concentration of 25 mg. per ml. The isotope concentration 
was 29.5 atom percent excess (APE). Despite precautions taken with 
the injection an occasional irradiated animal showed little or no N*® 
uptake. This is explained as being caused by injection into some segment 
of the gastrointestinal tract, which is distended and atonic after irradiation 
at the higher dose levels. In a pilot experiment in which India ink was 
injected randomly into the abdomen 72 hours after 900 r total-body 
radiation, 4 of 10 animals received some portion of the ink outside the 
peritoneal cavity, chiefly in the stomach and cecum. Holding the animal 
with its head down and the lower half of its body elevated while inserting 
the needle into the left lower quandrant proved to be the best method 
to avoid this complication in giving intraperitoneal injections to animals 
after whole-body irradiation. 

Isolation of protein and nucleic acids.—At sacrifice, the entire small 
intestine from the pylorus to the ileocecal valve was removed and the 
lumen flushed with normal saline. Small sections, about 5 cm. in length, 
were taken from the proximal end of the jejunum, generally in 1 of 3 
animals but occasionally in all, as a check on the mitotic index previously 
determined (1) for the particular dose and time being studied. The 
small bowel was then frozen in liquid nitrogen and maintained at —30° C. 
until chemical analysis could be carried out. 

The frozen small bowel of each rat was homogenized in 95 percent 
ethanol in a Virtis homogenizer and was then defatted by extraction at 
the boiling point in 2:1 ethanol-ether solution. The Kjeldahl nitrogen 
and the APE N"™ were determined on an aliquot of each specimen in order 
to guard against the inclusion of occasional deviates arising from the 
injection difficulties previously mentioned. After confirming that the 
percent N and the APE N*® were similar for all animals of a given ex- 
perimental group, the individual small-bowel residues were combined 
to total 4.5 to 5.5 gm. dry weight (35 to 45 gm. of fresh small bowel). 

Soluble nitrogenous components were removed by extraction with ice- 
cold 5 percent: trichloroacetic acid (TCA), the residual TCA was washed 
out thoroughly with ethanol and the residue was air-dried. The dry 
residue was digested with 1 M NaOH at 37°C. for 18 hours to depolymerize 
the PNA to individual nucleotides (6). The alkaline digest was acidified 
to pH 5.0 with perchloric acid, which precipitated the protein and a little 
DNA. The protein was removed by filtration and, after it had been 
washed and dried, the percent N and the APE N" were determined. The 
bulk of the DNA was recovered from the filtrate as a crude protein- 
containing precipitate by acidification to pH 2.0 followed by high-speed 
centrifugation. 

The ribonucleotides were precipitated from the supernatant by addition 
of mercuric perchlorate (3.6 M perchloric acid saturated with mercuric 
oxide) followed by sufficient alkali to raise the pH to 7.0. This step frees 
them from most, but not all, of the amino acids that are in the solution as a 
result of partial breakdown of the protein during the alkaline incubation. 
The mercury was removed with hydrogen sulfide and the nucleotides were 
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separated and purified by chromatography in dilute HCl on a 1 X 15 cm. 
column of Dowex-1 or Dowex-2 (7). 

In the earlier experiments each nucleotide was purified further by 
rechromatography on Dowex-2 in formic acid, but since this procedure 
did not change the N* values it was discontinued and evidence of purity 
was established by verification of the ultraviolet absorption constants (8). 
The isomeric 2’- and 3’-phosphates of the PNA purine nucleotides were 
assayed separately to confirm the equality of their isotope concentration. 
This guarantees that the values for these purines are of a particularly 
high order of accuracy and that the differences between them are real. 
The nucleotides were recovered as their mercuric complexes and subjected 
to Kjeldahl digestion in this form. The titration mixture from the Kjeldahl 
determination was used for the isotope assay. 

Of the DNA bases, only the purines were isolated. These were split out 
of the DNA polymer by hot 5 percent TCA and precipitated as mercuric 
complexes. After regeneration with hydrogen sulfide they were separated 
and purified by chromatography in 2 M HCl on Dowex-50 (9). For each 
purine, the cuts with acceptable ultraviolet absorption ratios were com- 
bined and lyophilized. The bases were redissolved and, after a final 
check of the optical properties, were precipitated as their mercuric com- 
plexes and assayed. The yields of purine N ranged from 0.5 to 1.5 mg. 


Results and Conclusions 
General Features of Isotope Incorporation 


Isotope concentrations in the various fractions of normal small bowel 
are given in table 1 at 3 time intervals. The guanine enrichment is 
greater than that of adenine in both DNA and PNA, the differential being 
particularly marked in DNA within the first 5 hours after administration 
of the glycine. This exaggerated differential in DNA in the initial period 
has also been observed by Reichard (10) under comparable conditions. 
Later, the DNA differential approaches that of PNA. 

The pyrimidines of PNA initially show essentially equal enrichments 
that are somewhat less than those of the PNA purines. As time goes on 
the relative enrichment increases equally in the pyrimidines. The PNA 
purines also rise equally at a rate that appears to be slightly greater than 
that of the pyrimidines. The absence of an exaggeration of the PNA 
purine differential in the initial period is undoubtedly an important point 
of distinction between DNA-PNA purine synthetic relationships but its 
significance is not clear at present. 

During periods of accelerated synthesis (text-figs. 1-3) the 5-hour 
incorporation is enhanced in all the bases. Those of DNA rise more than 
the others by a moderate amount. Percentage increments among the 
various bases exhibit some spread; however, computations from the data 
show that the ratio between the relative uptakes for a particular pair of 
bases (such as PNA uracil/cytosine) is essentially constant. It therefore 
appears that the 5-hour uptake parameter is a reliable measure of changes 
in the rate of net nucleic acid synthesis. 
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TEXT-FIGURE 1.—Changes in rate of isotope uptake and rate of mitosis produced by 
225 r. 


A Guanylie acid © Protein 
A Adenylic acid @ Adenine 
C1) Cytidylie acid © Guanine 
@ Uridylic acid A Mitotic index [data from (1)] 


Protein approaches its maximum enrichment more rapidly than the 
nucleic acids (table 1) and during periods of accelerated net synthesis 
(text-figs. 1-3) the increment of incorporation is somewhat less than that 
in the nucleic acids. The isotope concentration in the protein is like that 
of whole defatted tissue, which reflects the preponderance of protein in 
the composition of the tissue. 


Effect of Colchicine 


Administration of colchicine blocks mitosis at metaphase (/) but 
incorporation of isotope into DNA is not reduced (table 1). This experi- 
ment indicates that the DNA of the dividing cell is not synthesized 
predominantly in the postmetaphase portion of the period of active 
mitosis. The indications of a slight increase in protein and PNA synthesis 
have no ready explanation. 


First 5 Hours after Irradiation—Period of Mitotic Arrest 


A dose of 225 r causes a decrease in DNA incorporation of only about 
15 percent in the first 5 hours (text-fig. 1), though the mitotic rate is 
profoundly reduced. This complements the colchicine experiment and 
shows that DNA synthesis in the tissue is not appreciably due to cells 
in any visible stage of mitosis. 
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With increasing doses a drop does become evident. This can be cor- 
related with the acute cell destruction which appears within 1 hour after 
irradiation and becomes progressively more extensive with increasing 
doses (1). Protein and PNA, however, show comparatively little change. 
These observations are interpreted to mean that only a fraction of the 
epithelial cells are synthesizing DNA and that acute cell death occurs 
among those in this fraction; the relative depression in DNA synthesis is 
therefore appreciable. On the other hand, all the cells are turning over 
protein and PNA and the loss due to cell destruction is not observable 
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TEXtT-FIGURE 2.—Changes in rate of isotope uptake and rate of mitosis produced by 
450 r. Code as in text-figure 1. 


in the isotope values for these substances, particularly since the dead 
debris is rapidly eliminated from the tissue by passage into the intestinal 
lumen (1). 

There is a suggestion that the initial rates of drop in the DNA purines 
are unequal, with the guanine falling more sharply than adenine. How- 
ever, this depends critically on the control values (from a total of 17 rats 
in 4 groups) and we are not sure it lies outside experimental error. 

It is of interest that extension of the dose to 2000 r (table 2) produces 
no significant change in the pattern described, though this is a tissue-lethal 
dose. 
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TEXT-FIGURE 3.—Changes in rate of isotope uptake and rate of mitosis produced by 
600 r. Code as in text-figure 1. 


Period of Abortive Mitotic Recovery 


This is the period 1 to 11 hours after irradiation; during that time an 
abortive mitotic recovery occurs in which the number of stem cells in- 
volved and the delay in onset are dose-dependent (1). During this period 
the rate of DNA synthesis falls precipitously. Between 5 and 10 hours 
after 450 r, for example, which coincides closely with the rising leg of the 
mitotic curve, the rate of DNA synthesis drops by half while the mitotic 
rate is rising fivefold. This is further evidence that significant synthesis 
of DNA can occur while mitosis is blocked and that mitotic activity can 
be resumed and continue for a few hours after DNA synthesis is essen- 
tially complete. 

Very little change from the 5-hour level occurs in PNA incorporation 
except for a slight decline in adenine until 600 r is reached, when a slight 
decline occurs in all the bases. 

Protein incorporation rises slightly, presumably reflecting net synthesis 
by cells newly formed in the abortive recovery. 


Period of Prolongation of Interphase 


This is the period between the end of the abortive recovery of the 
mitotic activity and the beginning of final recovery. Its duration depends 
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strongly on dosage; it is coming to an end at 10 to 12 hours after 225 r 
and at about 36 hours after 600 r. 

During the greater portion of this period the rate of DNA synthesis 
remains depressed. After 225 r, for example, DNA synthesis, having 
fallen to a rate less than half normal at 9 hours after irradiation (text-fig. 
1), remains at this value for another 5 hours before any recovery is ap- 
parent. Increase of dose up to 600 r (text-fig. 3) increases the duration 
of the depression somewhat, but the increment in the period of DNA 
depression is less than the increment in the period of mitotic depression. 
At 900 r a very much greater prolongation of the depression is seen 
(table 1). 

During this period of DNA depression, protein synthesis declines 
from the slightly stimulated level of the early postirradiation period and 
PNA undergoes a moderate drop to a subnormal level. 

The end of this period is marked by an upturn in DNA synthesis 
that precedes the resumption of mitosis by several hours. As has been 
mentioned, the interval between these two events is dose-dependent. It 
is difficult to determine its magnitude accurately not only because of 
the necessity of allowing an appreciable period to observe isotope in- 
corporation but also because of complicating morphological factors. These 
include: 1) variation in radiosensitivity of different crypts, which staggers 
their recovery; 2) the increased proportion of stem cells in the tissue, 
which results from loss of mature epithelial elements and which leads to an 
increase in the observed isotope concentration in DNA unrelated to 
change in its synthetic rate; and 3) at the lower doses, a compression 
of the time scale, which makes it difficult to isolate all the stages of the 
process. It is possible nevertheless to locate the onset of DNA synthesis 
as occurring somewhere between 5 and 10 hours before mitosis resumes. 
If this is the period of the mitotic cycle during which the cell makes its 
DNA, it will now be clear that DNA synthesis in the epithelium of the 
small intestine is carried on neither by cells in mitosis nor by cells in the 
earlier portion of the interphase period but by a group occupying a posi- 
tion in late interphase. We identify these cells with the small group 
mentioned in the section on the first 5 hours post irradiation and con- 
sidered to be those among which the acute cell-killing effect of the radia- 
tion is concentrated in order to account for the small drop in DNA syn- 
thesis during this period. Therefore the prolonged inhibition of DNA 
synthesis presumably occurs among cells in earlier stages of the mitotic 
cycle. Most of these appear to be susceptible judging from the magni- 
tude of the delayed depression. 

About the same time that DNA synthesis resumes, or possibly a little 
later, PNA and protein synthesis also turns upward. 


Period of Final Mitotic Recovery 


This is the period during which the mitotic index rises, overshoots the 
normal value, and then returns to normal, marking the approach of the 
tissue to final completion of recovery from the radiation injury. The 
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magnitude of the overshoot and the time at which it occurs are dose-de- 
pendent; the maximum effect is observed after 450 r where the mitotic 
index peak, which occurs at about 72 hours, exceeds the normal value by 
50 percent (1). 

During the rising phase of this period, large increases occur in the 
synthetic rate of DNA, PNA, and protein as would be expected under 
conditions in which net synthesis of protoplasm is occurring, and as the 
mitotic rate falls toward normal so do the isotope concentrations. The 
isotope concentrations, including that of DNA, remain elevated, however, 
well past the time at which the mitotic index has recovered its normal 
value. This lag presumably represents augmentation of cellular mass as 
the cells newly formed near the end of the period mature. The persistence 
of elevation in the DNA values is ascribed to the decrease in mitotic time 
(1) that lasts until the normal proportions are restored between the 
differentiated cells lining the villi and the stem cells of the crypts. 


Discussion 


It is becoming generally accepted that the DNA needed for cell division 
is synthesized somewhat before mitosis begins. Tracer experiments lead- 
ing to this conclusion have been made with plant roots (11), amphibian 
and embryonic mammalian tissues in tissue culture (12), human bone 
marrow in tissue culture (13), and regenerating liver in vivo (14). Our 
data for rat intestine in vivo, demonstrating the absence of DNA synthesis 
during mitosis and the continuance of DNA synthesis while mitotic 
activity is essentially absent, constitute an extension of the evidence on 
this important point obtained under other sets of experimental conditions. 
The diversity of the materials that have now been examined suggests that 
this is a general characteristic of the mitotic cycle. 

The events we observe in rat intestine after moderate doses of X 
radiation demonstrate in their immediate aspect two clear-cut effects. 
One of these is a blockage that occurs almost immediately and prevents 
the stem cells in the crypts from entering mitosis even though they con- 
tinue to synthesize DNA. Its duration is dose-dependent but it disap- 
pears quickly except after very high doses. The second effect is a block 
that becomes evident a few hours after irradiation and prevents stem cells 
in interphase from synthesizing DNA as well as from entering mitosis. 
Its duration is also dose-dependent but is much longer than that of the 
first block. The bloekage of DNA synthesis is repaired a few hours be- 
fore mitosis resumes. These observations are qualitatively similar to 
those made by Howard and Pele (11) in autoradiographic experiments on 
bean roots and have some features in common with interpretations made 
by Holmes and Mee (15) and by Kelly et al. (14) of the events which occur 
in irradiated regenerating liver. The repeatedly observed resumption of 
DNA synthesis before the resumption of mitosis (11, 13-15) is a necessary 
consequence of interphase synthesis of DNA and is without doubt a 
general characteristic of recovery from radiation injury. 

If one excludes the dubious indication of a differential drop between 
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DNA adenine and DNA guanine during the first 5 hours, we have no 
evidence of any direct or immediate effect of radiation on incorporation 
of isotope into DNA at moderate doses aside from the loss due to acute 
cell destruction. This is in accord with general opinion. 

A direct effect at higher doses has been reported in various systems 
by numerous workers. Its magnitude has been a matter of consider- 
able discussion, some maintaining that the reduction of synthesis does not 
exceed 50 percent and that this circumstance is due to the existence of 
two types of DNA metabolism in the cell, one sensitive to radiation and 
the other insensitive. This interpretation has been questioned (16, 17) 
and is clearly inconsistent with the much larger reduction that we observe 
at 2000 r. It appears that this, like our other observations, is best in- 
terpreted in terms of different populations of stem cells in interphase. 
This topic will be considered further in the third communication of this 
series. 


Summary 


1) Five hours after administration of glycine-N" to rats, the con- 
centration of isotope in guanine of intestinal PNA and DNA exceeds that 
of adenine in both normal animals and those dosed at various times 
following whole-body X irradiation. After irradiation the concentration 
of isotope in DNA purines is reduced relatively more than in those of 
PNA during periods of mitotic inhibition and is increased relatively more 
during final recovery. Within each type of nucleic acid the purine pairs 
exhibit essentially parallel changes in isotope concentration. 

2) The PNA pyrimidines acquire equal isotope concentrations in normal 
animals and rise in parallel fashion during periods of accelerated synthesis 
during recovery from X irradiation. Very little, if any, inhibition of 
incorporation into PNA pyrimidines occurs at any stage after irradiation. 

3) In protein, a transient stimulation occurs shortly after irradiation, 
followed by a stimulation of greater magnitude during the period of final 
recovery which is relatively smaller than the enhancement of uptake in 
the nucleic acids during this period. Depression below normal levels 
does not occur at any stage, even with tissue-lethal doses that sterilize 
but do not immediately destroy most of the epithelial cells in the crypts 
and villi. 

4) The initial blockage of mitosis produced by X radiation is not ac- 
companied by a proportionate reduction in the rate of DNA synthesis. 

5) During the immediate postirradiation period there is a reduction 
of DNA synthesis that is ascribed to acute destruction of cells normally 
involved in synthesis. This reduction increases with dose and at 2000 r 
is much greater than 50 percent. 

6) After the first few hours DNA synthesis falls to a low level at all doses 
studied. Depending on the dose this drop is completed before or during 
the onset of the transient recovery which occurs during the proximal 
postirradiation period. The duration of this inhibition of DNA synthesis 
is dose-dependent. 
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7) DNA synthesis resumes before final mitotic recovery from radiation 
injury begins. 

8) Final recovery is accompanied by an overshoot in the synthetic rate 
of DNA, PNA, and protein roughly corresponding with the overshoot in 
mitotic rate. 

9) The different classes of irradiation effects observed are thought to 
have their origin in different classes of stem cells distinguishable by the 
position they occupy in the mitotic cycle. 


References 


R. B., Jr., Toat, J. N., J., and Carpenter, H. M.: Effect 
of total-body X radiation from near-threshold to tissue-lethal doses on small- 
bowel epithelium of the rat. I. Changes in morphology and rate of cell divi- 
sion in relation to time and dose. J. Nat. Cancer Inst. 21: 17-61, 1958. 

WituraMs, R. B., Wuits, J., Toat, J. N., and Rei, J. C.: Relationship be- 
tween mitotic activity, nucleic acid, and protein synthesis in the rat small 
bowel epithelium after X-radiation. (Abstract.) Radiation Res. 3: 358, 1955. 

Smeuuie, R. M. S.: Metabolism of the nucleic acids. In The Nucleic Acids 
(Chargaff, E., and Davidson, J. N., eds.). New York, Academic Press, Inc., 
vol. 2, 1955, pp. 393-434. 

Sonne, J. C., Lin, I., and Bucuanan, J. M.: Biosynthesis of the purines. IX. 
Precursors of the nitrogen atoms of the purine ring. J. Biol. Chem. 220: 
369-378, 1956. 

Hernricu, M. R., and Witson, D. W.: The biosynthesis of nucleic acid com- 
ponents studied with C'. I. Purines and pyrimidines in the rat. J. Biol. 
Chem. 186: 447-460, 1950. 

Scumipt, G., and THANNHAUSER, 8. J.: A method for the determination of de- 
soxyribonucleic acid, ribonucleic acid, and phosphoproteins in animal tissues. 
J. Biol. Chem. 161: 83-89, 1945. 

Conn, W. E.: The anion-exchange separation of ribonucleotides. J. Am. Chem. 
Soe. 72: 1471-1478, 1950. 

Braven, G. H., Houway, E. R., and Jopnson, E. A.: Optical properties of nu- 
cleic acids and their components. Jn The Nucleic Acids (Chargaff, E., and 
Davidson, J. N., eds.). New York, Academic Press, Inc., vol. 1, 1955, pp. 
493-514. 

Coun, W. E.: The separation of purine and pyrimidine bases and of nucleotides 
by ion exchange. Science 109: 377-378, 1949. 

ReicHarp, P.: On the nitrogen turnover in purines from polynucleotides de- 
termined with glycine N. J. Biol. Chem. 179: 773-781, 1949. 

Howarp, A., and Petc, S. R.: Synthesis of desoxyribonucleic acid in normal 
and irradiated cells and its relation to chromosome breakage. Jn Symposium 
on Chromosome Breakage. (John Innis Horticultural Institution.) Spring- 
field, Ill., Charles C Thomas, 1952, pp. 261-274. 

Watker, P. M. B.: Interphase synthesis of DNA in tissue culture cells. In 
Symposium on Chromosome Breakage. (John Innis Horticultural Institu- 
tion.) Springfield, Ill., Charles C Thomas, 1952, pp. 275-276. 

Lastua, L. G., Ottver, R., and Exuis, F.: DNA synthesis in bone marrow 
studied by autoradiography. In Radiobiology Symposium (Bacq, Z. M., and 
Alexander, P., eds.). New York, Academic Press, Inc., 1954, pp. 216-219. 

Ke tty, L. Hrrscu, J. D., Bracn, G., and Patmer. W.: The time function of 
P® incorporation into DNA of regenerating liver; the effect of irradiation. 
Cancer Res. 17: 117-121, 1957. 

Houmgs, B. E., and Mes, L. K.: The inhibition of DNA synthesis by irradiation 
with special reference to irradiation in the early stages of liver regeneration. 


‘a 
1 
= 

(4) 
(6) 
(6) 
(7) 
(8) 
(9) 
| 


TOAL, REID, WILLIAMS, AND WHITE 


In Radiobiology Symposium (Bacq, Z. M., and Alexander, P., eds.). New 
York, Academic Press, Inc., 1954, pp. 220-224. 

(16) Asprams, R.: Effect of X rays on nucleic acid and protein synthesis. Arch. 
Biochem. 30: 90-99, 1951. 

(17) Prue, 8S. R., and Howarp, A.: Effect of various doses of X-rays on the number 
of cells synthesizing deoxyribonucleic acid. Radiation Res. 3: 135-142, 1955. 


Cytologic and Functional Characteri- 
zation of Single Cell Clones Isolated 
from the Krebs-2 and Ehrlich Ascites 
Tumors 


THEoporE S. Hauscuka and ALBERT LEvAN,® 
Roswell Park Memorial Institute, Buffalo, New York, 
and Institute of Genetics, Lund University, Lund, 
Sweden 


Exact analyses of the chromosomes of many histologically diverse 
mammalian tumors support the thesis that most cancers (primary as 
well as transplanted) are mosaics of altered somatic karyotypes. Not- 
withstanding the role of true point mutations, clear-cut gross chromosome 
differences would seem to furnish ample genotypic rearrangements for 
perpetual selection of better adapted, more virulent cells. A general 
“progressive” (1) trend of neoplasms toward autonomous growth is thus 
inherent in random clonal competition within their mixed-cell populations. 
While morphologic changes and functional phenomena, such as altered 
drug response (2), support the mutative concept of progression, they 
reveal nothing concerning the nature or magnitude of the responsible 
somatic “mutations.” An appraisal of the cytogenetic variegation 
within any one tumor has now become possible through comparing the 
chromosome constitutions and certain physiologic properties of clones 
derived from individual cellsisolated at random from favorablestock tumors. 

The significance of such an approach to the cancer problem was clearly 
anticipated by Winge in his studies on crown-gall tumors (3) and tar 
papillomas (4). He directed the morphologists’ attention away from 
earlier preoccupation with tissue architecture, resting nuclei, and gross 
mitotic anomalies—important though they are for diagnosis—toward 
chromosome individuality. His material illustrates ‘“. .. how decisively 
even minor chromosome changes can affect the physiology of the cell.” 
Reinforcing Boveri’s intuitive speculations (5), he concludes, “... 
the cancer cell is to be regarded as a cell which—because of its chromo- 
some constitution and consequently its gene content—has reached an 
increased growth vigor and a disturbed physiology.” 


! Received for publication December 12, 1957. 
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Institutes of Health, Public Health Service. 
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tion Research Hospital, Chicago, Ill.; Dr. Kyo Kaziwara, Takeda Pharmaceutical Industries, Ltd., Osaka, 
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Winge viewed malignant tumors as the variable descent of stem cells 
(“Abkémmlingszellen’”’) capable of reproducing themselves or creating 
new genotypes better or less adapted for autonomous growth. He 
regarded this random heterogeneity as the basis for continuous stemline 
selection during the further progressive development of established 
malignant tissues. For testing this hypothesis with regard to differences 
between individual stem lines, proportion of stem cells to nonreproductive 
cells, and stability of isolated clones, ascites tumors are particularly 
advantageous (6-17). 

The desirability of ‘‘constant”’ tumor lines for the tissue genetics of 
neoplasia (18) has been recognized. However, the achievement of func- 
tional homogeneity after exposing mixed-cell populations to toxic 
“chemical filters’ (2, 19), or to other selective pressures, does not 
signify cytogenetic uniformity. Survival of resistant mutants, similar 
in their response to one selective agent, may involve different mechanisms 
for resistance. Genetic polymorphism in neutral properties would tend 
to persist. The only guarantee of genetic sameness, at least in the origin 
of a neoplastic population, is the isolation of a single cell under optical 
scrutiny and the establishment of its progeny as a transplantable clone. 
Constancy or fluctuation in such lineages can then be determined by 
karyologic, physiopathologic, and immunogenetic criteria. 

Great strides have been made during the last 10 years in the clonal 
genetics of tissue cultures. Sanford et al. (20-22) have investigated 
morphologic variations and changes in homotransplantability in clones 
of normal mouse fibroblasts transformed in vitro to sarcoma-producing 
cells. Puck and his associates (e.g., 23) have been concerned with the 
biochemical basis of differentiation into fibroblastic versus epithelial-cell 
types, and with metabolic aspects of mammalian-cell growth. These 
problems are best attacked through experiments in vitro. There are, 
however, questions in host-tumor interrelationship—among them viru- 
lence, metastasizing properties, and antigenicity—which can be ap- 
proached only in vivo. 

Clones derived from mouse tissues have specific advantages over 
other mammalian material: The 20 pairs of normal mouse chromosomes 
are all telocentric; hence, certain changes in chromosome morphology 
are readily identified. The available inbred mouse strains provide 
genetically uniform environments for transplanted tumors. Cyto- 
_ genetic aspects of graft compatibility, such as the influence of hetero- 
ploidy, are well defined (24-27). 

The present report is concerned with the chromosomal and physio- 
logic comparison of 19 clones that were isolated from the Krebs-2 and 
Ehrlich mouse ascites carcinomas. The clones were established in 1953, 
and the most distinctive ones (highest vs. lowest mean chromosome 
number) were observed at intervals over a 5-year period. The 2 source 
tumors were chosen because their near-tetraploid chromosome constitu- 
tion permitted sure distinction between diploid host cells and tumor cells 
and their broad range in chromosome number suggested that they were 
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composed of multiple stem lines. Available data on the cytology and 
growth behavior of the 2 stock tumors (13, 15, 28-34) facilitated the 
comparative evaluation of clonal properties. 


Materials and Methods 
Stock Tumors and Serial Passage in Mice 


The Krebs-2 and Ehrlich ascites stock tumors were obtained from 
Dr. G. Klein in 1950. Descriptions of the histopathology and growth 
characteristics of these anaplastic carcinomas have been published by 
Klein (30, 31) and Dunham and Stewart (35). Both tumors are 
nonspecific in their host requirements and can be propagated in mice of 
various genetic constitutions. 

The Krebs-2 carcinoma originated either in the skin or the mammary 
gland of a random-bred male mouse (28) ; the Ehrlich ascites tumor stems 
from a solid one that Dr. A. Fischer in Copenhagen had kept in tissue 
culture, interrupted by occasional mouse passages, for about 10 years 
before 1948 (G. Klein, personal communication). This tumor is near- 
tetraploid (15, 36) and differs by its larger chromosome number, chromo- 
some morphology, bloodier exudate, greater invasiveness, and virulence 
from the hyperdiploid Heidelberg Ehrlich strain (37-40). 

The improbable genealogic relationship between these 2 distinct neo- 
plasms—both identified with Ehrlich’s name—must remain conjectural. 
Ehrlich and Apolant (41) had established transplantable lines of over 60 
mouse Mammary carcinomas at the Frankfurt Institute; but the records 
were destroyed during the last war (personal communication of Dr. R. 
Siegert based on interviews with staff members of the Paul Ehrlich Insti- 
tute, Frankfurt am Main, Germany). 

At our laboratory, the Krebs-2 and Ehrlich tumors—stock, sublines, 
and clones—were maintained in female Swiss/HaICR mice, 2 to 4 months 
old. Intervals between serial passages were 5 to 7 days. The standard 
cell dosage was from 15 to 35 million cells per mouse, 0.2 cc. of freshly 
tapped undiluted ascites being inoculated intraperitoneally into cage lots 
of 8 animals, usually. All the mice died with typical ascites tumors. 
Records of survival time in days were kept from 1950 to the present. 

Our serial transfer numbers for the stock tumors begin with #1 in 1950; 
before this, Dr. G. Klein had carried the Krebs-2 and Ehrlich tumors 
through 20 and 150 mouse passages, respectively, in the ascites form. 

All the Swiss and“inbred mice (129/RrJax, DBA/2, C57BL, C3H/St, 
C3Hf/He, Y/He, C58McD, and A/St) used in the present investigation 
were reared under uniform hygienic, dietary, and genetic standards at 
the Institute for Cancer Research, Philadelphia, Pennsylvania, and the 
Roswell Park Memorial Institute, Buffalo, New York. 


Microisolation of Single Cell Clones 


Our microisolation technique is a modification of Ishibashi’s (42) 
procedure for isolating clones from the Yoshida rat ascites sarcoma. 
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Krebs-2 and Ehrlich ascites tumors tapped after 1 week’s growth in 
Swiss female mice were diluted 1:200,000 to 1:500,000 in a sterile medium 
composed of 32 parts hypotonic Ringer’s solution (8.20 gm. NaCl, 0.24 
gm. KCl, and 0.30 gm. CaCl,-2H,O per liter of triple-distilled water) 
to 1 part of ascitic supernatant prepared in a refrigerated centrifuge from 
the ascitic fluid of the donor mouse immediately before use. Addition 
of larger proportions of supernatant had been found to cause occasional 
clotting. The mixture was buffered to neutrality with 0.04 M sodium 
phosphate buffer. The ascitic fluid adds protective proteins and the 
slight hypotonicity of the medium prevents cell shrinkage due to slow 
evaporation of hanging drops in the moist chambers. Dilutions of fresh 
ascites were usually made in 2 successive steps of 1:100, followed by a 
third dilution that depended on actual cell counts in step two. Thus, 
we arrived at a cell concentration at which about half of the hanging 
drops contained no cells at all and drops with only 1 cell were fairly fre- 
quent. The final dilution was kept in sterile tubes in a covered beaker 
of ice water. 

By means of an Agla micrometer syringe, flat microdroplets occupying 
about 2 microscopic fields at a magnification of 200 were suspended 
near the outer edge of a rectangular #2 coverslip above the moist chamber. 
The coverslip margin was useful in rapid focusing, locating the drops, 
and vertical adjustment of the micropipette. Working near the edge of 
the coverslip permitted use of a straight-tipped capillary glass pipette, a 
minor departure from the Japanese technique (42), which requires the 
additional labor of making curved tips. 

Hanging drops containing no cells, or more than 1 cell, or an injured 
cell, were eliminated. A droplet containing a single, undamaged tumor 
cell was picked up with a dry, chemically clean pipette controlled by 
means of an Emerson Model B micromanipulator. Entrance of the cell 
into the pipette by capillary suction was observed. The liquid containing 
the cell, followed by a small amount of air, was then blown intraperitone- 
ally into an infant (1 to 3 days old) or adult Swiss mouse by perforating 
the body wall with the minute tip of the glass micropipette, and applying 
slight air pressure through a small-bore line connected to a greased 2 cc. 
syringe. A new pipette was used for each injection. From pilot experi- 
ments in which individual cells were picked up in the above manner and 
regularly ejected back on glass slides, it can be assumed that cell 
delivery into the mice was efficient. 

Arrangement of the apparatus for microisolation and injection of single 
tumor cells is shown in plate 9, A. From right to left may be seen: 
tubes in ice water containing cell suspension; Emerson Model B micro- 
manipulator carrying holder with micropipette; 2 cc. greased syringe 
attached to flexible small-bore metal tube, to other end of which the 
hollow micropipette holder is connected after cell pickup; infant mouse, 
ventral side up, held in one hand, while the other hand controls air pres- 
sure for cell delivery; pipette holder, flexibly suspended to prevent injury 
due to uncontrollable movement; microlamp equipped with heat-absorb- 
ing filter. 
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A low-power view (about 100) of the micropipette approaching an 
Ehrlich ascites tumor cell in the flat, hanging microdroplet is depicted in 
plate 9, B. A cell after pickup can be seen inside the pipette in plate 
9, C. 

Sublines K2A and K2B branched off from Krebs-2 stock serial transfer 
#81 in a pilot experiment (13) in which every mouse was injected with a 
hanging drop containing from 1 to 4 cells by inspection at 200X ; hence 
these 2 lines cannot be designated as clones. Every tumor called a 
“clone” is known to have descended from only 1 experimentally isolated 
cell. Clone K2C was a single-cell derivative of subline K2A serial trans- 
fer #18; all the others were isolated directly from the stock tumors. 
Thus, with the dilution medium described, 11 Krebs-2 clones (K2C to N) 
and 8 Ehrlich clones (E1 to 8) were recovered from 112 infant and 100 
adult Swiss mice within 16 to 25 days after intraperitoneal injection of a 
single cell per mouse. The increase in cell number during this period 
from 1 cell to 270,000,000, 7.e., about 2%, permits an estimate of 17 hours 
for mean cell-generation time. Infant mice of both sexes. were about 
equally susceptible to single-cell inoculation with Krebs-2 (16% takes) 
and Ehrlich tumors (14% takes), while adult females used in preference 
to adult males because of their softer abdominal walls gave only 2 percent 
takes for both tumors. These take-percentages are compared in table 1 
with results obtained by various authors after microscopically controlled 
transplantation of single tumor cells in mice and rats (8, 10, 13, 14, 42-49, 
and personal communications, E. Hansen-Melander and K. Kaziwara). 

The 19 clones included in the present analysis are those recorded on 
lines 3 to 6 of table 1. 


Serial Passage and Frozen Storage of Clones 


Immediately after recovery from the original host, each of our 19 clones 
was established in serial passage in adult female Swiss mice. Four of 
them (K2C, K2D, E1, E2), have been maintained in continuous passage 
from 1953 to 1958. The remaining 15 clones were carried through a 
sufficient number of weekly transfers to allow evaluation of differences in 
virulence and other physiologic properties. Since simultaneous cytologic 
analysis of the many tumor lines was impractical, 4 cc. samples from the 
second to fifth passages were frozen in pyrex centrifuge tubes at —40° C. 
without the addition of glycerol or glucose and stored in a compressor- 
cooled tissue bank at —40° to —50° C. Frozen material from all 19 clones 
refrigerated for 1 year was viable. Viability tests for 13 clones performed 
at the end of 32 to 51 months were still uniformly positive and the cells 
were serially transplantable after rapid thawing. We observed no obvious 
changes or decline in growth vigor among the clones due to cold storage 
under the suboptimal conditions mentioned, which have since been 
improved (50). 


Hemoglobin Determinations in the Ascites 


An Evelyn photoelectric colorimeter was used to determine the amount 
of blood in the various ascitic fluids. Each ascites was diluted in 0.4 
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percent NH;OH in the same dilution (1:500) as routinely used for whole 
blood. Percent light transmission was read with a hemoglobin filter. 
The readings were translated into grams of hemoglobin per 100 cc. ascites. 

The range of light transmission from the whitest to the bloodiest tumors 
was between 90 and 99 percent, which is close to the upper end of the 
colorimetric scale. Hence the readings have relative merit only for gross 
comparison of amounts of blood in the exudates. The samples were 
arbitrarily classified in 3 groups: Bloody ascites had from 1.0 to 2.2 gm. 
hemoglobin per 100 cc., i.¢e., about 1/10 the amount in whole blood; pink, 
from 0.5 to 1.0 gm.; and whitish, less than 0.5 gm. 


Colchicine Treatment before Fixation 


Colchicine pretreatment was used to accumulate metaphases and to 
facilitate counts through contracting and scattering the metaphase chro- 
mosomes. Thanks to this pretreatment, the large majority of our more 
than 3,000 counts are exact, errors never exceeding +1 chromosome. It 
should be mentioned that V chromosomes were counted as 2 units, since 
it was not always possible to decide whether a metacentric was genuine or 
whether it was simulated by 2 telocentrics sticking together. 

Intraperitoneal injection of 10 to 20 ug. of colchicine in 0.1 to 0.2 ce. 
mammalian Ringer’s solution per adult mouse was given 15 to 20 hours 
before fixation, mean cell-generation time being approximately of this 
duration. The dosage was just sufficient for inducing 100 percent 
c-mitoses (51). 

One must be alert to abnormal chromosome conditions induced by the 
treatment. The colchicine artifacts are of 4 types: 1) excessive chromo- 
some contraction, which may bias chromosome length measurements; 
2) preprophase poisoning with consequent mitotic inhibition, occurring 
more frequently in Krebs-2 clones than in Ehrlich material; 3) partial 
instead of total inactivation of the spindle giving rise to a wide range of 
chromosome numbers not representing the true tumor karyotypes; e.g., 
clone E3 showed a flat spread of counts between 32 and 152 without a 
mode; 4) unusually high frequency of chromosome doubling in rare cases 
in which pretreatment happened to coincide with a wave of incipient 
anaphases; two samplings of Krebs-2 clones had almost 100 percent hypo- 
octoploidy but gradually returned to their normal near-tetraploidy on 
subinoculation of this atypical material. These risks of the method are 
far outweighed by the many advantages of colchicine pretreatment. 
Errors may easily be avoided by administering minimal effective dosage, 
by proper timing of the treatment, 7.e., <(20 hours before fixation, which 
ensures that the arrested metaphases have come directly out of the resting 
stage, and by examining control fixations of untreated material. 

For the analysis of idiograms, a complete range of chromosome- 
contraction stages was always available. Strong contraction (plate 16, 
C, and plate 17, C) is preferable for exact counting; minimal contraction 
(plate 20, A) helps in detecting morphologic detail; intermediate con- 
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traction is best for length measurements since it tends to straighten the 
chromosomes. 


Fixation and Staining 


The acetic orcein-squash technique was used for fixing and staining. 
About 0.1 ec. of freshly tapped ascites was thoroughly mixed in a test 
tube with about 2 parts of acetic orcein (1.5% Gurr’s orcein dissolved by 
refluxing in boiling 60% acetic acid, filtered after cooling, and again 
filtered as needed later). After 5 minutes, individual drops of the fixed 
cell suspension were transferred to slides and squashed under a #0 
coverslip. Fixed suspensions may be stored at 2° C. for several days with- 
out loss of quality. If background orcein staining is too heavy after such 
storage, 5 minutes’ decoloration with 0.1 N HCl followed by restaining 
with acetic orcein permits recovery of excellent chromosome preparations. 


Chromosome-Length Measurements 


At least 1 clear metaphase plate of each tumor and clone as well as 10 
well-separated spermatogonial metaphases from 2- to 5-day-old Swiss 
infant mice were subjected to a complete idiogram analysis, including 
length measurements. This information for the various tumor lines was 
supplemented by 10 suitable plates per tumor, from which the largest, 
smallest, and other distinct marker chromosomes were drawn and 
measured (plates 14 to 120). 

For making detailed comparisons possible between different plates, all 
chromosome lengths were adjusted to the average length of the 10 sper- 
matogonial idiograms measured (3.54). The material was then plotted 
as histograms with a class interval of 0.3u. The scale of chromosome 
frequency with regard to relative length was adjusted to give identical 
histogram areas for the various ploidy classes of cells. By this manner of 
plotting, differential fixation effects on absolute length were minimized 
and genuine differences between the cell populations were uncovered. 


Cytology of Stock Tumors and Clones 


Distinct Chromosome Numbers 


The Krebs-2 and Ehrlich stock tumors from which the clonal lines 
were derived were first studied by us in 1951 (33). At that time both 
tumors had a tetraploid modal chromosome number and a wide distribu- 
tion, broader for Krebs-2 than for the Ehrlich ascites tumor. These 
early data are reproduced in table 2. Later samplings made in 1953 
revealed a significant change in both tumors toward hypotetraploidy. A 
systematic attempt to determine the approximate time of this cell-popula- 
tion shift was aided by recovering sequential samples from our frozen- 
tissue bank, dating back to the earliest serial passages in 1950-51 and 
to the period of clonal isolation in 1952-53 (table 2). The thawed 
tumors were re-established in mouse passage for comparison with current 
serial transfers (table 2). 
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In text-figure 1, average chromosome numbers for successive samplings 
of the stock tumors and their clones have been plotted against time. It 
becomes apparent that both tumors have undergone a reduction in chro- 
mosome number between transfer #50 in 1951 and #125 in 1953, after which 
time the downward trend became less pronounced. Perhaps they were 
approaching optimal adjustment to the host genotype of the Swiss mouse. 


@ = STOCK TUMOR Q------"- 
@ = SUBLINE 


© = CLONE 
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Text-FiGURE 1.—Drift in mean chromosome number during 3 to 5 years of serial 
transfer of the Krebs-2 (left) and Ehrlich (right) stock tumors, and chromosome 
conditions in 2 sublines and 19 clones. The Krebs-2 clonal means (range 71.4 to 
75.2) are significantly lower than the averages for the Ehrlich clones (range 72.8 to 


85.2), which reflect the persisting difference between the means of the 2 source 
tumors. 


In contrast with this numerical shift, Klein’s Ehrlich ascites tumor in 
Stockholm, from which our stock branched off in 1950, and sublines at 
Lund University, Sweden (52), and at the Weizmann Institute, Israel (53), 
have kept modes of about 80 chromosomes. Various host stocks differ in 
their selective impact on the same tumor. 

The 2 Krebs-2 sublines, A and B, the 11 Krebs-2 clones, and the 8 
Ehrlich clones were isolated from the 2 stock tumors when their chromo- 
some numbers had begun to decline. With the sole exception of the 
hypertetraploid Ehrlich clone E1, all the sublines and clones had modal 
chromosome numbers well below 80 (text-fig. 1, tables 3 and 4). 

The population shift in the source tumors is foreshadowed by the high 
incidence of hypotetraploid clones derived from randomly isolated single 
cells; such cells apparently best fitted the host genotype. Four of the 
clones, K2C, K2D, E1, and E2, were re-examined in 1954, after the first 
year of serial passage, during which they had remained quite stable. A 
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slight downward drift occurred in E1 and E2 from 1954 to 1957, at which 
time 88 percent of E2 cells had 72 or 73 chromosomes—an unusually 
narrow range. Thus, more than one chromosome combination, for ex- 
ample E1 and E2 (plate 12, A and B), can be in tune with the same 
host environment, though stem lines may replace one another under 
competitive conditions in a mixed tumor. 


Chromosome Structure as an Index of Clonal Differences 


It is now well established that many tumors differ from the normal 
cells of their host species in karyotype. Among near-diploid tumors these 
departures may be rather subtle. The present Krebs-2 and Ehrlich ma- 
terial has stemline numbers in the tetraploid region making the mere 
numerical departure from the norm of 40 obvious at a glance. However, 
close idiogram analysis is needed to recognize the many structural inno- 
vations in these tumors. The main deviating chromosome types were 
metacentrics, elements with heterochromatic differentiations, and size 
extremes. 

Since all the normal mouse chromosomes are telocentric, metacentrics 
appearing in mouse tumors are to be regarded as “new.” V-shaped 
elements have been reported earlier for the near-tetraploid Ehrlich ascites 
tumor (15, 54) and also for other mouse tumors, such as the unrelated 
hyperdiploid Ehrlich (37, 38) and the TA3 mammary tumor (55). 

With regard to the frequency of V-shaped elements, the tumors and 
clones fell into 2 groups: Bu 

1) V chromosomes rare: Krebs-2 stock (plate 14, 15), K2C (plate 14, 
K1 and 4 to 6), K2D (plate 15, 13, K5 and 6), K2F (plate 16, E), 
K2I, K2K, K2L (plate 17, H10 and 13), K2M (plate 17, I8), K2N; 
Ehrlich stock E2 (plate 19, D, E, and G2), E4, E5, E6 (plate 10, D), 
and E8. 

2) Regular occurrence of V chromosomes: K2E (plate 15, L2, 4 to 6, 
and 8), K2G (plate 16, F and I1 to 5), K2H (plate 16, G and K3), El 
(plate 18, F4, 10, and 11), E3 (plate 19, C, F, and H), E7 (plate 19, 
B; plate 20, G9 to 12). 

Usually, the V chromosomes had arms of equal length and belonged to 
the intermediate-sized classes of the chromosomes, which presented an 
obstacle to their unequivocal identification. In the E3 clone, however, 
the V-shaped unit was asymmetric. J its recognition from plate to plate 
was therefore possible (plate 19, C, F, and H). The total length of its 
2 arms was 6 to 7 yw, which exceeds the longest telocentric present. In 
one E3 sample this V-shaped unit was identified in 12 out of 32 cells and 
may be regarded as a regular member of the stemline idiogram. 

The mouse germline chromosomes often exhibit negatively heteropyknotic 
regions at metaphase (stippled areas in plate 13). Usually they are prox- 
imal differentiations, reminiscent of ‘‘nucleic acid starvation,’’ and not 
confined to distinct homologues. This is the same type of chromosome- 
structure pattern observed by Tjio and Levan (38), especially after quino- 
line treatment. In the 10 spermatogonial cells analyzed,such heteropyk- 
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notic zones were more frequent among shorter chromosomes (frequency 
in the 20 shorter ones was 4.5 times greater than in the longer half of 
idiogram). 

One of the spermatogonial chromosomes had a conspicuous interstitial 
unstained region and also a somewhat stronger over-all contraction. It 
often appeared composed of a small proximal and a larger distal lump, sep- 
arated by a constriction. Usually it is one of the smallest chromosomes; 
however, its contraction is highly variable and sometimes it may fall 
among the middle-sized units as in plate 13, H and L. This is probably 
the Y chromosome. 

In contrast with the spermatogonial cells, heteropyknosis is rarely en- 
countered in the Krebs-2 and Ehrlich idiograms (plate 18, C; plate 19, 
D). Of course, the Y chromosome would not be expected in the Ehrlich 
tumor, which arose in the female mammary gland. The Krebs-2 cells, 
however, being derived from a hybrid male mouse (28) may have lost the 
Y chromosome partially or completely during the structural variation at 
the establishment and further development of the tumor. 

Chromosomes both longer and shorter than those in the normal mouse 
karyotype were found in the tumors. The average chromosome length 
in the tumors was somewhat less than that of the normal mouse cells. 
The long chromosomes of the tumors are therefore less obvious than the 
very small ones. 

Strikingly long chromosomes well outside the normal length range and 
measuring from 6 to 10u (plate 10, F; plate 14, G7; plate 15, K5) 
were seen occasionally. Only in one clone, K2L, has such a long unit be- 
come established in the stem line. This oversized chromosome can be 
seen in plate 17, H. Its absolute length is 6 to 7y. 

Extremely small chromosomes were seen quite frequently in the clones. 
Those unquestionably smaller than the lower limits of normal chromo- 
some size are referred to as ‘‘minutes.”” Some of them approached a naked 
centromere in size. Despite this minuteness, they were clearly double at 
metaphase and separated normally at anaphase. The frequency and ab- 
solute length of stemline minutes are summarized in table 5. 

It has been observed previously (15) that minutes are more frequent 
in Krebs-2 than in the Ehrlich stock tumor in which they are certainly 
not regular components of the principal stem line. In the Krebs-2 they 
have become more common in later serial transfers. At first, the minutes 
of Krebs-2 were of several sizes, but in transfer #207 most minutes were 
of the same morphologic type. Two metaphases containing the excep- 
tional Ehrlich minutes are shown in plate 14, 14 and 5. The capacity 
to form and to perpetuate minutes is evidently less developed in the 
Ehrlich tumor than in the Krebs-2, and this difference pertains also to 
the clones isolated from the 2 stock tumors. In 10 out of 11 Krebs-2 
clones, K2F being the only exception, minutes were commonplace. 
Minutes occurred only in 2 out of 8 Ehrlich clones, E2 and E7. 

In the 21 tumors and clones recorded in table 5, the usual number of 
minutes per stemline cell was 0, 1, or 2 in the proportions 13:7:1. Occa- 


Journal of the National Cancer Institute 


i 


CYTOLOGY AND PHYSIOLOGY OF DISTINCT TUMOR CLONES 91 


TABLE 5.—Incidence and size of minute chromosomes 


Frequency of 
Tumor or Serial munutes Length of minutes | Minutes pictured 
clone on plate No. 
total metaphases 
examined) 
2F* Exceptional 
Krebs-2 50F 9:50 Varying 14G 
stock 123F 2:50 Varying 14H 
207 12:50 0.5 14 B, E 
Clone K2C 3 36:50 0.3 14 K; 15 B,F 
K2C 107 Regular 0.3 14L 
K2D 1, 5F 5:50 0. 6-0. 8 151 
K2D 101 13:50 0. 6-0. 8 15K 
K2E 4F 28:50 0. 2 15 L 
K2F 4F Exceptional 
K2G 4F 30:50 0. 1-0. 2 15 B, F,I 
K2H 4F 3:50 Varying 16 K 
K2I 4F 38:50 -0 16 D, H, L 
K2K 3F 6:50 Varying 17A 
K2L 2F 5:50 Varying 17 B, E,H 
K2M 3F 38:42 0. 4, and 0. 6-0. 7 7 C ¥,i 
K2N 4F 34:50 0. 2 17 D,G,K 
Ehrlich stock Various Exceptional 
Clone E 1-5, 8 Various Exceptional 
E 6 3F 6:50 0. 1-0. 2 20 E 
E7 3F 91: 100 0. 5-0. 7 10 


*F=frozen samples from the tissue bank, re-established in Swiss mice. 


sionally, individual cells contained many minutes, e.g., the K2E cell with 
12 minutes (plate 15, L1), the K2I cell with 5 minutes (plate 17, A6), 
and the E1 cell with a variety of structural changes, including 2 rings, 1 
triradiate, and several acentrics (plate 18, E). The latter cell illustrates 
an oddity, viz., many structural irregularities accumulating in a few single 
cells, while most cells from the same sample have none. A reciprocal 
translocation between 2 chromosomes is represented in plate 11, B. 

The number of minutes was sometimes subjected to variations by 
anaphasic irregularities, e.g., in clones K2G, K2M, and E8 (table 6). 
In K2M, 2 minutes measuring 0.6 and 0.4y, respectively, were in the stem 
line. They occurred in different combinations, 1 minute of each length 
being the norm. The maximal frequency per cell of the larger unit was 2, 
that of the smaller, 4. A cell with 1 large and 4 small minutes is shown 
in plate 11, D. 

As seen in table 5, minutes were fairly regular members of some clonal 
stemline karyotypes. That they may persist for long periods is apparent 
in clones K2C and K2D in which, probably, the same minute was found 
in generation #101 to 107 as ir veneration #1 to 5, that is over a span of 
about 2 years, or 1,100 cell generations. Such long-term perpetuation of 
minutes, despite their departure from optimal chromosome size, would 
indicate that they carry important genic material. 
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TABLE 6.—Frequency of minute chromosomes in certain tumor clones 


Number of minutes per metaphase:| Total cells with 
Tumor clone minutes: cells 


examined 


Krebs-2 G 1};—|— 30:50 
Krebs-2 M* 4] 16] 10 5 2 1|— 38:42 
Ehrlich 8 5 | — 1 91:100 


*In clone K2M 2 different minutes (one 0.6-0.74 and one 0.4y long) were present in combination 
or, more rarely, alone. The most frequent combination was 1 of each occurring in 14 metaphases 
out of 42 examined. 


It has been pointed out that the upper limits of absolute chromosome 
length are fairly similar in the neoplastic and the normal materials ex- 
amined, but that the lower limits deviate considerably for the 2 groups. 
Table 7 lists the length in microns of the shortest and the longest units for 
10 spermatogonial cells and 23 neoplastic cells. Length variation in the 
spermatogonial idiograms averaged from 2.0 to 4.84 (mean 3.5u). The 
mean length for the tumor idiograms (2.8u) was distinctly shorter, which 
is in keeping with the fairly general fact that the chromosomes of near- 
tetraploid tumors tend to be smaller than those of diploid tumor cells and 
normal cells. As in many autopolyploid plants, there is an inverse rela- 
tionship between degree of ploidy and chromosome size. 

The difference between neoplastic and spermatogonial mitoses is still 
further emphasized by the ratios of longest:shortest chromosomes (table 
8). This value is fairly constant for the germ line (ratio: 2.4, range: 2.2 
to 2.7), while in the tumors the ratio ranges from 3.3 to 30.5. The con- 
densed idiograms in plates 14 to 20 illustrate this relationship. Vari- 
ation in chromosome length is significantly greater in the tumors than in the 
spermatogonial cells. 

Histograms of the chromosome lengths for 10 spermatogonial and 25 
tumor mitoses are shown in text-figure 2. In these histograms, all chromo- 
some lengths have been adjusted to the same average length as described 
under “Materials and Methods” and already made use of in the compara- 
tive analysis of diploid and polyploid tumors (55). From text-figure 2 it 
is apparent that the tumor idiograms are not merely doubled mouse-cell 
idiograms but something fundamentally different. As shown by the two 
average histograms in text-figure 2 and text-figure 3, the normal and 
neoplastic distributions differ in their range; in the tumors, there is an 
excess of length extremes and a deficit of intermediate classes. 

The histogram shapes for the 2 groups of tumors are similar but with 
the following possible differences: 1) extremes of chromosome length are 
greater in Krebs-2; 2) the Krebs-2 has a single length mode somewhat 
above that of the Ehrlich material; and 3) the Ehrlich tumors show a 
pronounced secondary mode at 4u, which is responsible for the peak at 
4.2u in the composite plotting of length distribution (text-fig. 3). 

Extreme length changes, such as those measured, are an index of con- 
siderable “krypto-structural” (i.e., morphologically undetectable) intra- 
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SPERMATOGONIAL CELLS 


spermatogonial cells tetraploid tumors 


TEXT-FIGURE 2.—First two rows: Histograms of chromosomal-length frequencies in 
10 spermatogonial cells of the mouse. 

Rows 3, 4, and 5: Chromosome length in 15 cells of the Krebs-2 stock tumor, subline A, 
and several clones. (From lefi to right: K2 stock early transfer; K2 stock transfer 
#2; K2 stock transfer #207; K2A early transfer; K2C transfer #1; K2C transfer #3; 
K2D transfer #5; transfer #4 of K2E, K2F, K2G, K2H, and K2I; K2L transfer #2; 
K2M transfer #3; K2N transfer #3.) 

Rows 6 and 7: Ten metaphase cells of the Ehrlich stock tumor and several clones. 
(From left to right: Ehrlich stock transfer #27; Ehrlich-Lund line 1955 transfer; 
El transfer #5; El transfer #69; E2 transfer #5; near-octoploid plate of E2 from 
transfer #5; E3 transfer #5; E6 transfer #3; 2 plates of E7 transfer #3.) 

Last row: Average chromosome-length histograms for the 10 spermatogonial cells 
and the 25 tumor cells.shown above. 


chromosomal rearrangements in tumor chromosomes of intermediate 
length and consequent genetic changes. 


Functional Characteristics of the Ehrlich and Krebs-2 Stock Tumors 
and Clones 


Among the many physiologic similarities of the Ehrlich and Krebs-2 
stock tumors are: shape of growth curves (32, 34); predominantly free 
cell growth in the peritoneal cavity; delayed infiltration into host tissue; 
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TEXT-FIGURE 3.—Frequency distribution of chromosome length in 10 spermatogonial 


mitoses of the mouse and in 25 tumor mitoses of the Krebs-2 and Ehrlich stock 
tumors, sublines, and clones. 


usually hemorrhagic exudate; immunogenetic indifference and wide host 
range in keeping with the heteroploidy of both tumors (24, 25); absence 
of normal mouse isoantigens (27); almost identical take-percentages after 
transplantation of a single tumor cell; resistance to unfavorable environ- 
mental influences, such as cytopathogenic viruses (56), chemotherapeutic 
agents (67, 58), and freezing (50). 

Virulence, amount of hemoglobin in the ascitic exudate, and anti- 
genicity do, however, differ among the various sublines; and persistent 
clonal dissimilarities with respect to these three properties were established. 

After intraperitoneal injection of 7 X 10° to 20 X 10° cells, the Krebs-2 
tumor and its clonal derivatives were 100 percent lethal not only for the 
heterogeneous Swiss mice but also for mice of 8 different inbred strains. 
The Ehrlich ascites tumor, on the other hand, regressed in an occasional 
animal, C57BL/6 and 129/RrJax being the most refractory genotypes. 
Thus, the Krebs-2 tumor series was better suited for investigating subline 
differences in degree of virulence, while the Ehrlich clones were compared 
for their individual peculiarities in histocompatibility. A uniformly 
lethal tumor would be unsuitable for the latter type of study. 


Differences in Virulence 


With the gradual drop in mean chromosome number from 80 toward 
the mid-70s during the first 2 years of serial transfer at this laboratory 
(text-fig. 1), the Krebs-2 stock ascites tumor became more virulent. The 
increased malignancy was expressed as a 30 percent shorter host-survival 
time, which is the only clear-cut criterion for virulence, and may reflect 
selective removal of slowly growing and incompatible cell types from the 
ascites population. 


Journal of the National Cancer Institute 


96 
‘ 


CYTOLOGY AND PHYSIOLOGY OF DISTINCT TUMOR CLONES 97 


Table 9 summarizes survival data for over four thousand 2- to 3-month- 
old Swiss mice. All these animals were inoculated intraperitoneally with 
20 X 10° tumor cells obtained between the 5th and 7th days of growth. 
Results are shown for 18 lines and clones of the Krebs-2 and Ehrlich ascites 
tumors, with emphasis on the former. The Krebs-2 stock tumor data are 
divided into 4 successive test periods (table 9) covering 178 serial tumor 
passages. During the first 80 transfers, modal-survival time for mice of 
both sexes was 15 days after tumor injection; it dropped to 13 days during 
the next 6 months and thereafter became distinctly bimodal. A sharp 
mortality peak developed at 5 days whereas there had been only a slight 
suggestion of a mode; the principal peak characteristic for the earlier 
transfers was replaced by a minor secondary death wave on days 12 to 14. 
A persisting bimodal survival pattern was also established for the Ehrlich 
stock ascites tumor (table 9). The progressing virulence of the Krebs-2 
stock tumor is plotted in 2 histograms on the left side of text-figure 4, 
which shows mortality distribution of 761 Swiss female mice for a 2-year 
period ending in January, 1953, and for the succeeding year.. There had 
been no further increase in malignancy between January, 1954 and 
November, 1957. 

Thanks to the viability of frozen ascites from early Krebs-2 serial 
transfers stored in the tumor bank at —40° C., it was possible to attribute 
the bimodal killing time to a change in the neoplasm rather than to a 
change in the Swiss mice. A sample from transfer #30 (F30), frozen in 
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TExtT-FIGURE 4.—Histograms of percent mortality among 24-month-old Swiss female 
mice after injection of 20 million cells of Krebs-2 stock tumor and clones K2C and 
K2D. The histogram for serial transfers 1 to 111 of the Krebs-2 stock tumor is 
based on 372 mice, for transfers 112 to 178, on 389 mice, for K2C transfers 1 to 80, 
on 564 mice, and for K2D transfers 1 to 70, on 411 mice. 


Vol. 21, No. 1, July 1958 


Sick 
4 
4 
| 
49% 
199% 
93% 
K2 CLONE D 
| 


> 
a 
Z 
< 
< 
(3) 
n 
=) 
< 


*IOUIN} INO 10j oY} Zurpqureses Ajasopo PaMoYs INO uy sosessed FT 10j pus 
‘A[ng Uy “Iq uyese svat ‘1961 UT SBA INO JOUIN} oY} JO S, “He 


63 7 


0 


10 


LT pus 


3181 


02 ‘0 
0 
02 0 


8 
£8 


¢ 
IT pus ¢ 
€I 9 


PS, “UBl—ES, “IBN 
PG, “UBl—ES, “IBN 
pg, “uBr-Zg, 


ZH 
49048 


eg, 


*PO-€S, 


pS, 


N 
W ZY 
ZY 
M ZY 
ZH 
H 
ZY 
A ZY 
ZY 
ZY 
ZY 


ZS, Aine 
ZG, “AON-ZE, 


V 


HHHHH | HH | HHHHHHHHHHH | HHH] 


ST pus g¢ 


“UB ‘po 
“uer-ze, Aine 
ZS, 


4904s Z-Sqoly 


pispusyg 


[BATAINS 


(ship) 
[BATAINS 


[8poW 


JO 
xos pus 
Joquinn 


porsed 4say, 


QUO]? JO OUI] JOUIN, 


pun saur) snorspa fo Og fo NIOUL fo JDALALNS Ut ATAV], 


Journal of the National Cancer Institute 


98 
| | Ho | | Aon 
>| |] ON | | 
| dal | | dosed 
| ON | 
> 
=> 
| | ow | | 
1 SOS | ON dS a 
| | | Hino | 
33 3 3 33s 
O+ DOF | | | OF OF 
r=] 
3 
7 
| 
SS 
| | 
| OM | | ont 
| | OR aA} ooo 
~ 
| 
| | ‘| 


CYTOLOGY AND PHYSIOLOGY OF DISTINCT TUMOR CLONES 99 


July, 1951, was thawed and carried through 14 mouse passages between 
October, 1953 and January, 1954. The mortality distribution for this 
material had a peak centered on day 13, post injection (table 9), resembling 
the less virulent behavior of the tumor as it had been 2 years earlier. 
The alteration had occurred during continuous mouse passage. Such 
functional changes due to the selective elimination of major cell-popula- 
tion components would be irretrievable if it were not for the consistent 
viability of tumor cells from earlier passages in frozen storage. 

The Krebs-2 clones were isolated in the spring of 1953 when the parent 
tumor exhibited a pronounced bimodality in its killing speed. For this 
reason, survival modes (table 9) are a better index of functional differences 
between the population components of a neoplasm than survival means 
(table 9). Eleven clones were recovered after injection of 1 Krebs-2 
tumor cell each into 112 Swiss mice; there were 10 takes among 62 infants 
and only 1 among 50 adults. The clones were of 4 types with regard to 
virulence in the Swiss strain: K2D, F, G, I, and N were unimodal in their 
lethality requiring only 5 to 6 days to kill the majority of mice; the killing 
time for K2M showed a single mode at 14 days; K2E and L had a single 
intermediate mortality mode at 10 and 8 days, respectively. Three clones, 
K2C, H, and K, resembled the Krebs-2 stock tumor in the bimodal 
distribution of the deaths they caused. These virulence patterns and 
those of the Ehrlich clones remained surprisingly stable over the test 
periods shown in table 9. One might anticipate clones to be more uniform 
than the cellular mosaic of the parent tumor and to show single modes, 
such as K2D in text-figure 4. The bimodal cell lineages of the K2C type 
were unexpected and pose a special problem. The histogram showing 
mouse deaths for clone K2C (text-fig. 4) mimics that of the parent tumor 
at the time of isolation. Two alternative interpretations of this similarity 
were investigated: (a) Does the bimodal death rate reflect the coexistence 
of 2 major cell types—one arising as a mutant soon after establishment 
of the clone—and both alternating in frequency so as to prolong or retard 
mouse survival? (5) Is the bimodality indicative of a dual host response, 
i.e., 2 genotypic mouse classes of susceptibility? A diversified reaction to 
a uniform tumor is conceivable in view of the heterogeneity of the non- 
inbred Swiss mice. 

The first of these two possibilities was ruled out by experiment, as 
follows: One cell was isolated from clone K2C and transplanted into an 
infant Swiss mouse. The subclone descended from this single cell per- 
formed like the clonal population K2C. Immediately after its isolation, 
it killed Swiss mice in two waves centered on days 5 and 14. 

The second hypothesis, postulating a dual response of 2 major genotypes 
in the host population to a homogeneous tumor, was tested by comparing 
the lethality of clone K2C for the noninbred Swiss stock and for 8 sib- 
mated pure lines of mice. For a better understanding of differences in the 
host response to clone K2C (table 10), we bred our Swiss stock under 
continuous selection for large litter size and vigor. Brother X sister 
matings were deliberately avoided. Our mating scheme favored heterosis; 
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it was designed to achieve balanced heterozygosis at multiple loci deter- 
mining various quantitative characters that are associated with high 
fertility. The balanced gene complexes involved would tend to segregate 
in much the same manner as agouti (A) and nonagouti (a), the only 
allelic difference known to occur in our Swiss stock. The 2 alleles are 
represented in fairly constant proportions in the over-all mouse popula- 
tion since they have no selection value under our breeding scheme. 
Individual Swiss mice were identified by the coat colors of their F, 
progeny as being AA, Aa, or aa at the agouti locus after outcrossing them 
to DBA/2 mice. As may be seen in table 10, differences in the fifth link- 
age group, marked by the agouti locus, are not responsible for the bimo- 
dal killing time of clone K2C. All 3 types of Swiss mice showed the 
same bimodal survival pattern. 

It is therefore significant that 7 out of 8 inbred strains responded to 
K2C in a unimodal fashion. C3H/St, C3Hf/He, Y/He, and C58/McD 
were highly susceptible. Most of the mice succumbed on the 5th and 6th 
day after tumor inoculation. This matches the early mode of the Swiss 
response. Three inbred strains, 129/RrJax, DBA/2, and A/St, were more 
resistant; deaths in these strains occurred predominantly from days 14 to 
17, coinciding in time with the second Swiss mode. C57BL, although 
inbred, reacted in a binary fashion like the Swiss. This might be ascribed 
to residual heterozygosis in the strain. Such hidden heterogeneity is also 
indicated by the intrastrain variation between cage lots, which is statisti- 
cally significant (59) in 4 of the inbred strains (table 10). 


Amounts of Blood in the Ascitic Exudate 


The acute lethality of clone K2D (text-fig. 4) and the bimodal virulence 
of K2C are stable traits apparently inherent in the stem-cell genotypes of 
these tumors. The two kinds of host-response to these neoplastic cell lines 
suggest clonal differences in the pathophysiology of events leading to death. 
Among the latter are rapid growth rate, nutritional exhaustion of the host, 
toxic products of the tumor, invasion of vital organs, and intraperitoneal 
hemorrhage. 

In our experience with a broad spectrum of various mouse ascites tumors, 
the amount of blood in the ascitic exudate is fairly characteristic for each 
tumor line. Thus, several lymphomas tend to produce blood-free, milky 
ascites despite their great invasiveness. Ascites carcinomas are usually 
hemorrhagic, the hyperdiploid anaplastic Ehrlich ascites tumor is generally 
quite blood free, while the near-tetraploid Ehrlich and Krebs-2 material 
used in the present work exhibits a wide range of blood content. Numerous 
samplings of ascitic exudates from the stock tumors and clones are classified 
in table 11 according to the contained amount of hemoglobin. The small 
number of jaundiced fluids (table 11) is indicative of invasiveness. Inva- 
siveness is, however, not microscopically detectable until about the 4th 
day after tumor inoculation, and there is no gross infiltration of host 
tissues before the 8th day. Since the recorded tappings were all taken 
between the 5th and 8th days, the relationship between bleeding, infil- 
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tration of viscera, and host survival time is by no means clear, though 
there is a superficial trend of the more bloody tumors to kill the mice 
sooner than the less hemorrhagic ones. 


TABLE 11.—Amount of blood (gm. of hemoglobin per 100 cc. of ascites) in the peritoneal 
exudate of the Krebs-2 and Ehrlich ascites tumors 


Percent distribution of ascites tappings 
Number of 
Tumor or clone | samplings* Hg.<0.5gm./} Hg. 0.5-1.0 |Hg.>1.0gm./ Pessent 
100 ce., gm./100 cc., 100 cc., 
whitish pink bloody 
Ehrlich stock 100 20 38 37 5 
Clone E1 116 11 28 58 3 
Clones E2-E8 178 39 28 31 2 
Krebs-2 stock 100 23 27 49 1 
Clone K2C 150 22 27 50 1 
Clone K2D 129 15 25 59 1 
Clones K2 E-M 82 23 40 37 0 
Clone K2N 20 55 30 15 0 


*Each sample represents an ascites tapping taken 5 to 7 days after inoculation of 20 million tumor cells. 


While the majority of the more virulent tumors have bloody exudates, 
there are striking exceptions such as clone K2N, which was the most 
virulent and at the same time most blood-free line in the Krebs-2 tumor 
series. Similarly, the Ehrlich clone E2 was often blood free, yet a rapid 
killer. A highly toxic metabolite was recently isolated (Dr. J. Holland, 
personal communication) from the cell-free ascitic fluid of clone E2 which 
indicates a lethal factor not dependent on hemorrhage, infiltration, and 
malnutrition. From a consideration of the data in table 11, functional 
differences between the component cell lines of the parent tumors become 
even more obvious than from host mortality alone. 


Clonal Differences in Histocompatibility 


Although broadly nonspecific in its compatibility with various mouse 
strains, the Ehrlich stock ascites tumor is not invariably lethal like 
Krebs-2. Now and then the Ehrlich tumor regresses in a Swiss or C57BL 
mouse, which is then immune to later challenge. It is therefore permis- 
sible to postulate minor isoantigenic differences even between a non- 
specific tumor and its host; these antigens are usually ineffectual in 
eliciting a protective antibody response. 

Progressive growth of the Ehrlich stock ascites tumor and 8 Ehrlich 
clones in 4 inbred mouse strains was investigated (table 12). Among 
the several strains kept at our laboratory 129/RrJax is the most resistant 
to transplants of all types of tumors, including some genetically indifferent 
neoplasms (Hauschka, unpublished data). For example, 129/RrJax mice 
die more slowly than mice of any other strain after inoculation with 
Krebs-2 clone C (table 10). Subtle antigenic differences between the 
several Ehrlich clones are, apparently, recognized by these chinchilla 
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mice that always succumb to the Ehrlich stock tumor. They were very 
susceptible to clone E1 but especially resistant to clones E5 and E8 that 
regressed in 12 of 15 and 11 of 13 mice, respectively. The 23 survivors 
remained free of tumor for 2 months, after which time each was challenged 
with 20 < 10° cells of the Ehrlich stock tumor. Of the 12 mice that had 
survived inoculation with 20 X 10° E5 cells, 8 died within 19 days after 
injection with the Ehrlich stock ascites tumor. However, in 4 mice the 
stock tumor regressed and the mice remained free of tumor for a month 
thereafter. Similarly, the 11 mice in which clone E8 had regressed were 
not all immune to the parent tumor. Six died within 13 days after 
challenge and 5 were completely refractory. This result rules out over- 
all natural immunity of the 129/RrJax strain to the Ehrlich ascites tumor 
and shows partial antigenic overlapping between the clones and the stock 
tumor. It may be used as an argument for at least quantitative antigenic 
differences between clonal branches of the same neoplastic cell population. 


TABLE 12.—‘‘Antigenic’”’ differences between clones of Ehrlich tumor shown by incidence 
of regression in mice of certain inbred strains 


Number of lethal takes: total mice injected with 20 million tumor cells 


Mouse 


genotype El E2 E3 E5 | E7 E8 


129/RrJax 16/16 11/11 | 8/17 5/13 3/15* | 9/13 | 10/15 | 2/13* 
DBA/2 5/5 
C57/BL 11/13 10/10 4/ / / 5/5 
C3H/St 10/10 10/10 | 10/11 | 10/10 7/7 11/11 | 10/10 | 13/15 


*The 12 E5 and 11 E8 tumor-free survivors were tested for immunity against the virulent Ehrlich stock tumor 
(see text). 


Discussion 


The stemline concept was the main test object in planning the present 
experiments. Are the clones extracted from a stock tumor largely alike, 
as claimed by some authors (9, 10, 2), or can different population com- 
ponents be identified by physiologic and karyologic criteria? Our results 
pertaining to clonal individuality in behavior and chromosomal traits 
support the latter alternative. The system of self-perpetuating cell lines 
composing any one neoplasm appears to be “‘polyphyletic.”” This is borne 
out by functional differences in virulence, antigenicity, and other proper- 
ties, which are the probable corollary of the following cytologic findings: 

1) The clones have typical chromosome numbers with individual modes 
in the near-tetraploid range of 72 to 85. 

2) Morphologically new chromosomes, recognizable as metacentric, 
extra long, and minute units, have been incorporated in the stemline 
karyotypes of some clones. 

3) The chromosome-length measurements in our tumors suggest fre- 
quent intrachromosomal rearrangements with consequent genetic innova- 
tions due to position effects. 
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These observations imply continuous numerical and chromosome- 
structural adjustments of the neoplastic nuclear constitution to the host. 
They emphasize the selective rather than adaptive basis of tumor progres- 
sion and, in retrospect, may have a bearing even on the transition from 
precancer tocancer. The possible oncogenic role of cytogenetic reshuffling 
in the nuclei of normal somatic cells gains support from recent tissue- 
culture experiments of Levan and Biesele (60). Jn vitro malignant trans- 
formation of normal embryonic cells, proved by their in vivo transplanta- 
bility as tumors, coincided with the appearance of marked heteroploidy 
in the cultures. 

In the maintenance of the normal, balanced species genome, meiosis and 
fertilization are an efficient screen that discards products of mitotic error. 
No comparable screen regulates the survival of altered cells that arise 
constantly and compete for supremacy in every neoplastic tissue. These 
new somatic genotypes, though aberrant in their metabolism, may have 
superior viability at the expense of host syntheses. 

Chromosomal imbalance is symptomatic of practically all mammalian 
tumors investigated for nuclear detail (16, 18, 55). Our earlier and our 
present studies have shown it to be especially common in the near-tetra- 
ploid mouse neoplasms. The anaplastic histology, immunogenetic in- 
difference (27), and greater general resistance of polyploid tumors should 
not be attributed to mere doubling. These properties depend on genotypic 
innovations subsequent to chromosome doubling, which have a better 
chance to survive in polyploids. The greater adaptability to environ- 
mental extremes characteristic of polyploid plants is an evolutionary 
analogue of the capacity for progression in heteroploid tumors. 

Our results suggest considerable cytogenetic flexibility of stem-cell 
types, which furnish the raw material for selection by the host. Stem lines 
need not be so invariable as in the rat tumors of Makino and Kané (8) 
who claim “. . . definite chromosome patterns persistent through serial 
transfers, and regular mitotic behavior.” In contrast to the clear physio- 
logic differences in our comparison of mouse tumor clones, they found that 
“, . a malignant growth, as well as the characteristics of disease, more 
or less comparable to the stock tumor.”’ The cytologic individuality of 
their clones “. . . remained unchanged through heteroplastic transplant 
experiments and through treatment with chemicals.” Ising (52), on the 
other hand, repeatedly observed a significant chromosome-number decline 
in the Ehrlich mouse ascites tumor during growth in the Syrian hamster. 

During heterologous transfer in a foreign species, a tumor faces destruc- 
tion by cytotoxic antibody. However, if serial passage is frequent enough 
and antibody titer proportionately low, the tumor may survive through 
selective adjustments in its cell population. Less drastic selection would 
occur during homologous passage when only the host strain rather than the 
species is changed. After transfer from commercially bred mice into our 
Swiss mice, the Ehrlich and Krebs-2 stock tumors experienced a steady 
decline of their modal chromosome numbers from 80 toward hypotetra- 
ploidy (text-fig. 1). This numerical preference persisted in the behavior 
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of most clones, 18 out of 19 having been hypotetraploid from the very 
beginning. The numerical descent was accompanied by a narrowing of 
the chromosome-number range both in the stock tumors and in several 
clones. This was especially dramatic in E2 where 88 percent of the cells 
in a recent sample had 72 or 73 chromosomes (table 4). Stabilization 
appears to occur at this level, which may be in optimal genetic accord with 
the host genotype. 

The low take-percentages obtained after transplantation of single tumor 
cells (table 1) are conditioned by various intrinsic and experimental factors, 
which allow as yet no safe conclusions regarding the size of the stem-cell 
population. Cell injury may occur during microisolation or intraperi- 
- toneal delivery of the cell may fail. After the suspension medium was 
changed from mammalian Ringer’s solution plus ascitic fluid to Kalt- 
enbach’s modified Krebs-Ringer’s solution plus gelatin, the Ehrlich 
tumor takes increased from 14 to 25 percent (table 1). Since the same 
technique in the same laboratory gives no single cell takes with some 
tumors but repeatable results with other neoplasms, the inherent viability 
and antigenicity of the cells and the efficiency of the host’s immune re- 
sponse should be considered as the main biological determinants of clonal 
yield. 

Thus, successful clones are adapted a priori to the host environment. 
Their idiogram spread is usually narrower than in the stock tumors and 
may contract still further during serial passage. If the selective host 
influences are uniform, as they are apt to be in an inbred strain, and the 
neoplasm presents a narrow front for selection, or produces one especially 
stable virulent cell type, even a stock tumor can achieve surprising 
homogeneity. For example, in a branch of the hyperdiploid Ehrlich 
mouse ascites tumor carried at Lund, 90 percent of the cells belonged to 
the narrow mode of 45 or 46 chromosomes (38). Similarly, 96 percent 
of 422 Yoshida rat sarcoma cells had 40 chromosomes (61). One would 
not expect to derive a spectrum of distinct clones from such apparently 
uniform material. A homogeneous neoplasm well adapted to one host 
genotype either varies considerably or fails completely when it is trans- 
ferred to another host strain. 

Only 3 to 4 passages prior to his clonal isolations, Querner (45) had 
changed propagation of the hyperdiploid Ehrlich stock tumor from com- 
mercial mice to DBA mice. In the latter the tumor tended to be more 
hemorrhagic and showed a broader chromosome range than determined 
earlier by Bayreuther (37). This nuclear diversification was perhaps due to 
reselection for compatability with DBA. Querner reported a low take- 
percentage of only 2.7 percent in keeping with other observations on the 
disadvantages of these hyperdiploid cells during competitive immuno- 
selection (39, 40). He also observed regression in 6 of his 10 clones during 
the first 22 passages. Unpublished data of E. Hansen-Melander for the 
“Landschiitz’’ subline of the same tumor show 6 takes in 37 infant DBA/2 
mice after single cell injection, and no takes in 35 C3H infants (table 1). 
In peritoneal washings of grossly tumor-free DBA/2 mice, completely 
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avirulent “creeper’’ clones were identified by their unmistakable chromo- 
some constitution. The 6 virulent clones that had arisen in DBA/2 were 
serially transplantable in DBA/2 but not in C3H mice. 

The tissue-culture experiments of Sanford et al. (20-22) with a clone of 
C3H fibroblasts derived from a single normal cell showed eventual neo- 
plastic transformation that was obvious in one subline but concealed in 
another. When the culture was injected into C3H mice, 97 percent de- 
veloped sarcomas, while the other subclone gave only 1 percent sarcomatous 
takes showing that it was potentially malignant but perhaps immunolog- 
ically incompatible. Irradiation of the recipient m‘ce before transplanta- 
tion of the cultured cells (a technique that wea! *s immune response) 
raised the take-percentage from 1 to 44. This sus, ests that 2 cell types, 
cistinct in their transplantability as tumors, 7. e.,in : growth rate and/or 
antigenicity, arose in Sanford’s tissue cultures descended from a single 
normal C3H fibroblast. The establishment of one of these lines as an 
autonomous transplantable tumor seems to have required experimental 
suppression of the host’s immune response to a “new” antigen, which 
might be inferred from the compatibility after irradiation. Such new 
antigens unrelated to the known histocompatibility systems of the mouse 
have been demonstrated in several mouse lymphomas (62, 63). 

These observations emphasize the immunogenetic aspect of clonal experi- 
ments. Even the so-called nonspecific tumors, standard inoculations of 
which (>500,000 cells) are lethal for most mice, turn out to be antigenic 
mosaics on closer scrutiny. This variegation may furnish more or less 
neutral cell types for experimental immunoselection first demonstrated 
by Kaziwara (39). The differential behavior of our Ehrlich clones in mice 
of certain inbred strains supports the existence of antigenic heterogeneity 
in the source tumor. The 129/RrJax mice, which are fully susceptible to 
the hypotetraploid Ehrlich stock tumor and to clone E1, varied in their 
resistance to 6 other clones (table 12). The 2 most incompatible clones 
E5 and E6 showed a partial immunologic cross reactivity with the stock 
tumor. Nearly half the mice immunized against E5 and E8 survived 
lethal challenges with 20 X 10° stock Ehrlich tumor cells. 

Whether the observed antigenic differences affect the virulence char- 
acteristics of individual clones is open to speculation. Judging from J. 
Holland’s unpublished demonstration of a potent toxic product in ascitic 
supernatant of our virulent E2 clone, nonimmunologic mechanisms may 
predominate in shaping the specific pathophysiology of a neoplasm. In 
general, however, virulence is the outcome of contests on various fronts 
between host and tumor. Clonal experiments aimed at clarifying this 
complexity must therefore be carried out in vivo. 

The future usefulness of pure clones in the tissue genetics of cancer 
and in chemotherapy (47) will depend on the functional range and the 
stability of a spectrum of such lines. Several of them are already marked 
by persistent chromosomal, pathologic, and antigenic features. These 
markers may not be crucial enough as labels of somatic constancy. 
Labeling could be further extended by differential survival of resistant 
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mutants after exposure to viruses and antimetabolites. It is known that 
certain biochemical traits, once fixed, are stable over long periods even 
in the absence of further exposure to the selective agent (2). An all- 
important prerequisite for maximum in vivo stability of clonal karyotypes 
and other distinguishing traits appears to be serial propagation in a uni- 
formly reacting host system. Long-term storage of clonal samples in the 
frozen-tissue bank at —76° C. (50) is a practical safeguard against undue 
genetic drift. 


Summary 


1) Appraisal of the cytogenetic variability and functional differences 
pertaining to host-tumor relationship within any one neoplasm requires 
detailed analysis of a broad clonal spectrum isolated and propagated in 
vivo. Such a “fractionation” of neoplastic tissues into their clonal com- 
ponents is an experimental prerequisite for the somatic genetics of tumor 
progression and for crucial tests of the stemline hypothesis. 

2) The Krebs-2 and Ehrlich ascites tumors were chosen for this study 
because their broad range in chromosome number indicated that they 
were composed of multiple stem lines and because their near-tetraploid 
chromosome constitution permitted sure distinction between the meta- 
phases of diploid host cells and tumor cells. 

3) The 2 stock tumors showed similar transplantability by means of 
single cells isolated individually in hanging drops under optical inspection. 
Infant Swiss mice gave an average of 14 percent tumor takes; the yield 
in adults was only 2 percent. Nineteen clones (11 Krebs-2 and 8 Ehrlich 
ascites tumors) were recovered from 212 mice within 16 to 25 days after 
intraperitoneal injection of 1 cell. The increase in cell number during 
this period averaged 270 X 10° or about 2%, which amounts to 1 mitosis 
per cell every 17 hours. 

4) The cytologic techniques employed—among them colchicine pre- 
treatment, acetic-orcein squashes, and chromosome-length measurements— 
facilitated an exact comparative idiogram analysis in successive samplings 
of stock tumors and clones. Numerical individuality within the general 
pattern of a sustained downward drift toward hypotetraploidy (only E1 
kept a mode above 80) was established. On the whole, the clones had a 
narrower chromosome-number range than the stock tumors, E2 being the 
most homogeneous. 

5) “New” marker chromosomes characterizing certain stem lines in- 
cluded metacentric, minute, and strikingly long units. Besides these 
clear-cut morphologic differences between clones, between clones and 
source tumors, and between the Krebs-2 and Ehrlich tumor groups, there 
were differences in chromosome structure between the tumor material as a 
whole and the mouse germline idiogram. Variation in chromosome length 
was significantly greater in the heteroploid neoplastic cells than in the di- 
ploid spermatogonial cells. Cytogenetic mechanisms favoring tumor pro- 
gression thus manifest themselves as numerical and intrachromosomal 
changes in the neoplastic chromosome constitution. This creates compe- 
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tition between varying stem lines under the selective influence of the 
host environment. 

6) After 12 to 51 months of frozen storage, all the neoplastic lineages 
were viable, and no cytologic or behavior changes were detected when 
this material was re-established in mouse passage. 

7) Virulence and blood content of the ascitic exudate differed among 
the clones. Relative stability of these functional characteristics was 
observed during serial transfer. Virulence was compared in terms of 
_ mouse survival time, which showed either unimodal or distinctly bimodal 

distribution, depending on the homogeneity of host response (noninbred 
Swiss mice vs. 8 inbred mouse strains) to a particular clone. There was 
no clear correlation between hemoglobin content, virulence, and invasive- 
ness of the ascites. 

8) Antigenic diversity of the Ehrlich clonal branches was apparent 
from their dissimilar histocompatibility with 129/RrJax mice. This 
mouse strain was 100 percent susceptible to the Ehrlich stock tumor and 
clone El but surprisingly resistant to clones E5 and E8 (23 survivors 
among 28 injected with 20 X 10° cells). About half the mice immunized 
against these 2 clones were also fully protected against otherwise lethal 
challenge with Ehrlich stock ascites tumor. 

9) Clonal individuality in chromosomal, physiologic, and immunologic 
traits supports the view that tumor progression is facilitated by con- 
tinuous selective, rather than adaptive, population shifts within a ran- 
domly mutating multiple stemline system. 

10) Genetic drift in neoplastic clones may be minimized by standard- 


izing selective pressure through uniform serial transfer in animals of a 
sib-mated host-genotype. 
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A.—Arrangement of apparatus for critical microisolation and injection of single tumor oe 
cells. 
B.—Low-power view (about 100) of micropipette approaching Ehrlich ascites tumor 
cell in hanging drop; edge of drop visible on right; rough edge of coverslip on lower 
margin of photograph. 
C.—Single cell after pickup inside micropipette. - 
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Photomicrographs of acetic orcein-fixed metaphases as seen with transmitted 
light under oil immersion. X 1,100 


A.—Normal spermatogonial cell of the mouse. 


B.—Enhrlich clone 8, transfer #3. 


C and E.—Ehrlich clone 7, transfer #3. 


D and F.—Ehrlich clone 6, transfer #3. 
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Photomicrographs of acetic orcein-fixed metaphases as seen under oil immersion 
with dark-phase contrast (A and C) and transmitted light (B and D). > 1,100 


A.—Ehrlich clone 7, transfer #1. The metaphase chromosomes show spiralization. 
B.—Ehrlich clone 2, transfer #5. 
C.—Ehrlich clone 1, transfer #18. 


D.—Krebs-2 clone M, transfer #3. 
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Colchicine-treated metaphases of 2 Ehrlich clones, photographed under oil immer- 
sion with transmitted light, 414 years after clonal isolation. X 2,000 


A.—Enhrlich clone 2, transfer #283. This figure has 77 chromosomes, the highest 


number recorded for E2 during 1957. The mode for the same period was 72. 


B.—Enbrlich clone 1, transfer #236. Modal E1 cell type with 82 chromosomes. 
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Normal spermatogonial mitoses of the mouse. Magnification for Ato F: X 1,400; 
GtoM: %X 2,500 


A to F.— Metaphase chromosomes drawn in situ. 


G to M.—Idiograms of the same figures as shown in A to F. 
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Tumor metaphases and idiograms. Magnification for A to C: X 1,400; D to L: 
X 2,500 


A and D.—Krebs-2 stock, transfer #2. 
G.—Krebs-2 stock, transfer #50. 
H.—Krebs-2 stock, transfer #123. 

B and E.—Krebs-2 stock, transfer #207. 


C, F, and I.—Ehrlich stock, transfer #27. 


K.—Krebs-2 clone C, transfer #3. 


L.—Krebs-2 clone C, transfer #107. 
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PuatE 15 
Metaphases, idiograms, and ‘‘marker’’ chromosomes of Krebs-2 ascites tumor 
subline B and clones C, D, and E. Magnification for Ato D: X 1,400; E to L: 
2,500 
A and E.—Krebs-2 subline B, transfer #1. 
B and F.—Krebs-2 clone C, transfer #3. 


I.—Krebs-2 clone D, transfer #5. 


C, G, and K.—Krebs-2 clone D, transfer #101. 


D, H, and L.—Krebs-2 clone E, transfer #4. 
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PLATE 16 


Metaphases, idiograms, and ‘“‘marker’? chromosomes of Krebs-2 ascites tumor 
clones F, G, H, and I. Magnification A to D: 1,400; Eto L: X 2,500 


A and E.—Krebs-2 clone F, transfer #4. 
B, F, and I.—Krebs-2 clone G, transfer #4. 
C, G, and K.—Krebs-2 clone H, transfer #4. 


D, H, and L.—Krebs-2 clone I, transfer #4. 
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PLATE 17 


Metaphases, idiograms, and ‘‘marker’’ chromosomes of Krebs-2 ascites tumor 
clones K, L, M, and N. Magnification for BtoD: X 1,400;A,EtoK: X 2,500 


A.—Krebs-2 clone K, transfer #3. 
B, E, and H.—Krebs-2 clone L, transfer #2. 
C, F, and I.—Krebs-2 clone M, transfer #3. 


D, G, and K.—Krebs-2 clone N, transfer #4. 
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PLATE 18 


Metaphases, idiograms, and ‘‘marker’? chromosomes of Ehrlich ascites tumor 
clone 1. Magnification for A, B, and E: X 1,400; C,D,and F: X 2,500 


A, C, and F.—Ehrlich clone 1, transfer #5. 


B, D, and E.—Ehrlich clone 1, transfer #69. 
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PLATE 19 


Metaphases, idiograms, and ‘‘marker’? chromosomes of Ehrlich ascites tumor 
clones 2and 3. Magnification for AandC: 1,400;B: X 850; DtoH: 2,500 


A, B, D, E, and G.—Ehrlich clone 2, transfer #5. 


C, F, and H.—Ehrlich clone 3, transfer #5. 
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PLATE 20 


Metaphases, idiograms, and *“‘*marker’’ chromosomes of Ehrlich ascites clones E6 
to E7. Magnification for A, B, E, and F: X 1,500; C, D, and G: X 2,700 


A, C, and E.—Ehrlich clone 6, transfer #3. 


B, D, F, and G.—Ehrlich clone 7, transfer #3. 
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Studies on Mouse Lymphomas. II. 
Behavior of Three Lymphomas in Dif- 
fusion Chambers in Relation to Their 
Invasive Capacity in the Host! 


Emma SHELTON and Mary E. Rice, Laboratory of 
Biology, National Cancer Institute,? Bethesda, Mary- 
land 


During the years since the advent of the use of inbred mice in experi- 
mental cancer research, it has been well established that the transplant- 
able lymphocytic leukemias in mice exhibit great variability in their 
capacity to invade the tissues of the host. It has been shown, in addition, 
that the invasive capacity of the cells of individual tumor lines can be 
modified by various means, such as varying the route of injection or alter- 
ing the physiology of the host by X irradiation or hormones. In a recent 
comprehensive review, Dunn (/) has brought up to date the description 
and classification of the various reticular neoplasms in the mouse and has 
summarized the work of MacDowell, Richter, Kirschbaum, and others 
who have characterized this disease in mice. These investigators have 
clearly defined the morphology and natural history of mouse leukemias, 
and their attempts to define the reasons for the difference in the invasive 
behavior of different lines of leukemias have emphasized the complexity 
of the process. Their work is so comprehensive that very little can be 
added at the present time to many of their basic observations concerning 
the behavior of the tumors. 

The puzzling question still remains to be elucidated—what are the 
reasons for the variation in the invasive capacity of the cells of the 
various lymphocytic tumors of the mouse? The passage of tumor cells 
from one site in the body to another and their dissemination among the 
constituent cells of a tissue necessitate the passage of the invading cells 
through tissue barriers. These barriers may be the endothelial lining of 
blood vessels, the capsule of organs, the reticular stroma of glands, or 
sheets of smooth or-striated muscle. The passage of cells through these 
barriers is mediated by a combination of chemical and physical factors 
of unknown complexity which, when examined as a whole, has almost 
entirely resisted analysis. 

The work reported in this paper represents an attempt to simplify the 
problem by studying the behavior of leukemic cells in an artificial system, 
the diffusion chamber, where a cellulose-membrane filter is used as a 


1 Received for publication January 7, 1958. 
2 National Institutes of Health, Public Health Service, U. S. Department of Health, Education, and Welfare. 
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synthetic, porous barrier on which the cells are grown. It was found 
that the cell populations of 3 different mouse leukemias behaved in this 
artificial system in a manner which resembled their behavior in the host. 


Materials and Methods 


Tumors.—Three lymphocytic tumors, the cells of which invaded the 
host tissues to a different extent, were used. Listed in order of increasing 
invasive capacity they were Lymphoma #1 (L#1), Lymphoma #2 (L#2), 
and Lymphoid leukemia 1210 (L1210). The behavior of these tumors 
has been described in detail elsewhere (2-4). L#1 and L#2 have been 
carried continuously in this laboratory for 8 years and are currently being 
carried as ascites tumors in strain A/HeN or A/LN X A/HeN mice. 
L1210 was obtained from Dr. L. W. Law, of this institute, and bears his 
designation, Line 3, Sensitive. It has been carried in strain DBA/2 mice 
as an ascites tumor. 

Diffusion chambers.—Previous descriptions of diffusion-chamber design 
have related to chambers used for studies of tissue immunity (5,6). The 
2 types of chambers described here are somewhat different in construction. 
The “double chamber” is made with 2 lucite discs and 3 cellulose-mem- 
brane filters, as shown in text-figure 1. The 2 outer filters, A’ and A’, 
are Very Dense membrane filters * having a maximum pore diameter of 
0.1u. These filters allow the passage of fluid into the chamber while 
blocking the passage of cells. The center membrane, B, is a Millipore 
membrane* 150 thick. Four types of membranes (B) with differ- 
ent average pore size were used: the AA (0.8 + 0.05u), the RA 
(1.2 + 0.3u), the SS (3 + 0.9u), and the SM (5 + 1.2y). 

In preliminary work a “single chamber’”’,was used consisting of 1 lucite 
ring and 2 filters, the porosity of which was varied. This chamber was 
made by cementing 1 filter on the bottom of the lucite disc, inserting the 
cells, and then cementing on the top filter. 

The efficacy of the Very Dense filters in preventing the entry of the host 
peritoneal cells into the chamber was checked by inserting into mice 5 


DOUBLE CHAMBER 


TEXT-FIGURE 1.—Exploded diagram of ‘‘double chamber.’”’ The lucite discs are 1 mm. 
thick, have a 2 cm. over-all diameter and a 1 cm. diameter hole in the center. The 
volume of the chamber formed between the center and outer membrane filters when 
they are sealed to the lucite discs is 0.08 cc. There are 2 such chambers in each 
double chamber. “Single chambers” are similarly constructed from 2 filters and 
1 lucite disc. 


4 Carl Schleicher and Schuell Co., Keene, N. H. 
4 Millipore Filter Corp., Watertown, Mass. 
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empty chambers made with the Very Dense filters. When the con- 
tents of the chambers were examined at the end of 47 days, no cells were 
observed in the fluid that had entered the chambers from the abdominal 
cavity. 

In the initial experiments, the filters were cemented to the lucite disc 
with a 1 percent solution of lucite dissolved in acetone. Since the acetone 
dissolved the filter itself, there was some concern about changes in porosity 
of the filter, and in later experiments another glue, Acryloid, Grade B-7 5 
was used. This is an acrylic plastic dissolved in ethylene dichloride, a 
solvent that does not dissolve the filter. Ethylene dichloride, however, 
was found to be fatally toxic to mice so that extreme care was taken to 
allow the solvent to evaporate before the chambers were placed in the 
abdominal cavity of the mice. The glue was applied with a pipette made 
from thin-walled, 2-mm.-bore glass tubing by drawing out the end into a 
curved tip with a fine hole. The flow of glue into and out of the curved 
tip of the pipette was controlled by sucking and blowing through a rubber 
tube. The chambers were completed except for the top filter, placed in 
small petri dishes, wrapped, and sterilized by heating at 80° C. in a dry 
oven for 48 hours. The filters to be used for final sealing of the chambers 
were sterilized separately. 

Sterile procedure was followed as closely as possible in inserting a group 
of chambers into mice. An animal bearing a fully developed ascites 
tumor (L1210, 4 to 5 days old; L#1, 11 to 13 days old; L#2, 6 days old) 
was killed, the ventral skin was reflected, and the ascitic fluid was aspirated 
with a pipette and rubber bulb through an opening in the abdominal wall. 
The fluid was immediately filtered through 18 bolting silk into a test 
tube held in crushed ice where it remained chilled during the preparation 
of the chambers. After thorough mixing of the fluid, aliquots were re- 
moved and the total number of cells per ml. was determined as follows: 
9.98 ml. of 0.1 M citric acid containing 0.04 percent crystal violet was 
pipetted into 25 ml. beakers. Two hundredths of a milliliter of well-mixed 
ascitic fluid was added to the citric acid, thoroughly mixed, and taken up 
into specially designed 15 ml. pipettes (7), which were then sealed with 
rubber bands. A uniform dispersion of nuclei was obtained by rotation 
on a Bryan-Garrey rotor (8) for at least 20 minutes. The suspensions 
were introduced into a hemacytometer directly from the pipette and the 
cells in five 1 mm. squares were counted. This count represented the 
number of cells in a total volume of 0.5 mm. Two separate dilutions 
from the original ascites were counted and averaged to give the final 
estimate of cells per ml. By using a 4.3 mm. oil-immersion, long-working 
distance objective to count the cells, it was possible to distinguish between 
macrophages and tumor cells. Only tumor cells were counted. 

A known number of cells contained in 0.02 to 0.03 ml. of fluid was pipet- 
ted into each diffusion chamber and the top filter was sealed in place. The 
Acryloid glue was spread around the lucite ring and allowed to dry until 
“tacky” before the cells were pipetted into the chamber. The completed 


5 Rohm and Haas Co., Philadelphia, Penna. 
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chamber was immediately inserted into the peritoneal cavity of the host 
animal. For convenience, the side of the double chamber into which the 
cells were put was called the “tumor side,” the empty chamber, the 
“empty side’’. 

Examination of chamber contents—The mouse was killed by cervical 
fracture and chambers were removed from the peritoneal cavity. The 
exterior of the chamber was carefully cleaned by rinsing in saline and 
wiping it free of cells. The filter covering the empty side of the chamber 
was cut away with a sharp scalpel and its inner surface was blotted on a 
microscope slide. As rapidly as possible, the contents of the chamber 
were aspirated with a pipette and rubber bulb and transferred as a series 
of droplets to one or more microscope slides. Coverslips were placed over 
the droplets of fluid. In this manner the entire contents of the empty 
side of the chamber could be examined under the phase microscope and 
the presence of tumor cells that had passed into it from the tumor side 
through the center membrane could be detected. The contents of the 
tumor side of the chamber were examined in a similar manner and the 
amount of growth observed macroscopically was also noted. 

Further information concerning the behavior of the tumor cells in the 
chamber was obtained by fixing and staining the center filter. After both 
top filters of the chambers were removed and the contents of the chambers 
placed on slides, the remainder of the chamber, consisting of the center 
filter held between the 2 lucite discs, was dropped into Orth’s fluid. After 
fixation, the filters were washed, stained in Harris’s hematoxylin, dehy- 
drated, and mounted on slides according to routine histologic procedure. 
It was desirable to keep the center filter as intact as possible; thus it was 
not removed from between the lucite discs until it was ready to be mounted 
permanently on a slide at the end of the staining procedure. 


Results 


General Description of Growth of Tumors in Chambers 


Preliminary studies in which single chambers were used showed that 
all the tumor strains were capable of surviving for at least 10 months in 
the chambers. At the end of this time it was possible to produce tumors 
by injecting the contents of the chambers into mice. When the cells 
were left in the chambers for such long periods, the chamber became so 
solidly packed with living and dead cells that the contents could be shelled 
out in the form of a pellet. The pellet in the case of all 3 tumors consisted 
mostly of dead cells, while the living cells formed a growing shell on the 
outside surface near the source of nutrient. Dead cells very early became 
a large component of the population of the chambers because there was no 
mechanism for their dispersal or disposal within the limits of the chamber. 

The viscosity of the fluid that filled the chambers containing L1210 
and L#2 cells was usually similar to that of the ascitic fluid, but in the 
chambers containing L#1 cells the fluid, as a general rule, was very viscous. 
The viscosity of the fluid associated with L#1 sometimes approached that of 
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a gel and in some chambers fibers could be seen floating in the viscous 
fluid (figs. 1 and 2). The viscous fluid and the fibers were present on both 
the tumor and the empty side of the chambers. The nature of the fibers 
has not yet been determined. Attempts to demonstrate periodicity in 
them with the electron microscope have met with no success. 

When the top filter was removed from the chamber in which the cells 
had been placed, it was possible from the macroscopic appearance of the 
contents to make a rough estimate of the amount of growth. In the 
early stages of growth the tumor cells appeared as a white semiviscous 
mass in the shape of a demilune or circle around the edge of the chamber. 
L1210 and L#2 produced about the same amount of growth during a given 
time interval, whereas L#1 usually produced less macroscopic growth than 
either of the other 2 tumors. However, no satisfactory correlation could 
be made between the amount of growth observed macroscopically and 
penetration of the filter by tumor cells as evidenced by the presence of 
tumor cells on the empty side of the chamber. It was true of all the 
tumors that there were occasions when good growth was associated with 
lack of penetration of cells through the filter as well as occasions when the 
reverse occurred. 


Penetration of Cells through Membrane Filters of Different Porosity 


AA (0.8 + 0.05 yu) filters—The cells of the 3 tumors were unable to 
penetrate the AA filter (table 1) when grown on this filter for 31 to 60 days. 


However, L1210 cells were found on the empty side of one chamber kept 
in the mouse for 100 days. It is difficult to assess the significance of this 
chamber. In each case there was excellent growth on the tumor side of 
the chamber when it was opened. No cells of any kind were found on 
the empty side of chambers in which L#1 and L#2 cells were grown, but 
a few host cells were found on the empty side of 3 out of 9 chambers in 
which L1210 was grown. The cells were small in size with a nucleus 
obscured by refractile granules that filled the cytoplasm. From time to 
time, delicate plasma membranes were put out and withdrawn from the 
edges of the cells. The cells appeared to be the progeny of the normal 
peritoneal histiocytes that were mixed with the tumor cells at the time of 
preparation of the chambers. 

Although no cells were seen on the empty side of the chambers in 
which L#1 cells were grown, the fluid in this compartment was usually 
very gelatinous and occasionally clumps of fibrous material could be 
found in the viscous fluid. 

SS (8 + 0.9u) and SM (& + 1.2) filters —The cells of all 3 tumors 
readily penetrated these filters and at the 3rd day after insertion into the 
peritoneal cavity, tumor cells were seen on the empty side of the chambers 
(table 1). 

RA (1.2 + 0.8u) filters —A total of 152 chambers was used in assessing 
the ability of the tumor cells to penetrate this filter. It was apparent from 
the results of the first group of chambers that this filter served to dis- 
tinguish variation in the behavior of the 3 tumors. In the first experiment, 
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*Plus and minus signs indicate presence or absence of cells and numbers indicate the number of chambers examined. 
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18 chambers were set up—6 for each tumor. The chambers were opened 
on the 7th, 10th, and 13th days. No cells were observed on the empty 
side of the chambers in which the L#1 cells were grown, whereas L#2 
cells were found on the empty side in 3 out of 6 chambers and L1210 cells 
in 4 out of 6. The results of this and of further experiments are presented 
in detail in table 1 and summarized by the bar graphs in text-figure 2. 


PERCENT PENETRATION OF TUMOR CELLS THROUGH 
RA FILTER, 1.2 wZPORE SIZE 


L1210 
100 


PERCENT 


7-17 DAYS 20-23 DAYS 


TreXT-FIGURE 2.—Summary of data presented in table 1. The numbers within the 
bars represent the percentages of the chambers in which tumor cells were found on 
the empty side. The total number of chambers used to derive these percentages are 
from left to right, 31, 27, 31, 18, 23, and 18. 


The behavior of the L1210 tumor was very consistent. In those cases 
where the cells had penetrated the center filter after 10 days, the cells 
appeared on the empty side of the chamber in considerable numbers, both 
singly and in clumps. Mitotic activity among these cells showed that 
they were well established and growing. By 20 days the growth on the 
empty side of the chambers was heavy enough to be visible macroscopi- 
cally as a thin, loose sheet of cells. 

The consistency and rapidity with which the L1210 cells penetrated 
the filter are illustrated by the results of a group of chambers which were 
opened at 2-day intervals after implantation (table 2). Lymphoma 1210 
cells were found on the empty side of 1 chamber at 4 days and in all cham- 
bers thereafter. It.can also be seen that the behavior of L#1 and L#2 
is less consistent and predictable than L1210. 


TABLE 2.—A ppearance of tumor cells on empty side of chambers opened at 2-day intervals 
following implantation 


Tumor 2 Days 4 Days 6 Days 8 Days 10 Days 
L#1 2— 1— 1+ 2- 2— 1— 1+ 
L#2 2- 2- 1— 1+ 1— 1+ 1— 

L1210 2-— 1— 1+ 2+ 2+ 2+ 
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Although L#2 cells grew as well as L1210 (as far as could be judged 
grossly) they did not appear in such numbers on the empty side of the 
chamber after 10 days. Frequently only 2 to 5 cells could be seen and al- 
though these were counted as a positive result, some of the chambers were 
left in the mice for longer periods of time in the anticipation that better 
growth would result. As might be expected, better growth was observed 
some of the time but not always. Opening the chambers at different inter- 
vals also showed that escape of the cells increased with time. Thus, in the 
group of 10 chambers all opened at 10 days, only 33 percent showed posi- 
tive; in a group of 11 chambers opened at intervals from 10 to 15 days, 73 
percent showed positive; and in a group of 18 opened at 20 days, 95 percent 
showed positive. 

Lymphoma #1 did not produce as much obvious growth as the other 2 
tumors but the amount of growth on the tumor side could not be corre- 
lated with the penetration of the cells through the filter. Increasing the 
initial inoculum from 2 to 4 million cells to 15 million cells (table 1) did 
not increase the amount of growth on the tumor side nor enhance the 
penetration of the cells through the filter. The behavior of this tumor was 
not consistent and the results from different groups of chambers varied 
considerably (tables 1 and 2). It was not possible as it was with L1210 
and L#2 to predict a reproducible pattern of behavior, and the data as a 
whole show that the cells of the L#1 tumor did not penetrate the filter or 
become established on the empty side of the chamber as readily as did the 
cells of the more invasive tumors (text-fig. 2). 


Pattern of Growth of Tumor Cells on RA Filter 


It was possible in the whole-mount preparations to examine the pattern 
of growth of the cells on the surface of the center filters, to trace the infil- 
tration of the cells into the filter, and to see the growth on the underside. 
Occasionally some evidence of cell penetration was seen on the empty 
side of the stained filters even at 2 days. The appearance on the empty 
side of the filter of a few small, round pyknotic nuclei suggested that some 
cells had penetrated the filter but were unable to survive. As time pro- 
gressed it became possible to identify tumor cells (when they were present) 
and histiocytes growing on the undersurface of the filter. This was true 
of all the tumors. 

Under very low magnification, the cells of L1210 and L#2 appeared 
to be sprinkled at random over the surface of the filter (figs. 3 and 4). 
A closer examination showed that the surface of the filter was overgrown 
with flattened histiocytes. The cells of L1210 and L#2 rarely flattened 
out on the surface of the filter and thus appeared as very darkly stained 
spheres, which were almost always just out of focus when the histiocytes 
were in focus. By focusing slowly down through the filter, it was possible 
to follow the tortuous shapes taken by the cells in the process of migrating 
through the filter (figs. 6 to 9). Almost without exception the cells within 
thé filters showed such a remarkable degree of attenuation and three- 
dimensional distortion that identification of cell type was exceedingly 
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difficult. Nevertheless, it was occasionally possible to identify a tumor 
cell just as it was penetrating the filter and to trace the wormlike pattern 
typical of lymphocytic movement. The undersurface of the filter as a 
rule was overgrown with normal histiocytes. In those chambers where 
the cells had penetrated to the empty side, tumor cells could be seen mixed 
with normal cells in much the same pattern observed on the tumor side 
(fig. 12). No obvious differences could be detected in the behavior of the 
cells of L1210 and L#2. 

In contrast to L1210 and L#2, the cells of L#1 tended to adhere to the 
surface of the filter and flatten out, creating the illusion that the cells 
were much larger in size than the rounded, unflattened cells of the other 
tumors (compare figs. 6 and 16). The cells of the L#1 tumor tended to 
grow in clumps and narrow curving sheets—to be organized rather than 
randomly dispersed (fig. 5). It became clear that this difference in growth 
pattern was created by a unique association between the histiocytes and 
the tumor cells. It was rare to find tumor cells growing by themselves 
on the surface of the filter. Almost always they were surrounded by the 
cytoplasm of the histiocytes and were organized into patterns determined 
by the growth of the histiocytes (figs. 5 and 11). In chambers where the 
cells had become established on the empty side, this pattern of growth 
also occurred. The tumor cells appeared to be living within the cyto- 
plasm of the histiocytes. Although most of the cells floating free in the 
fluid above the filters grew singly, it was regularly found that there were 
also floating clumps formed by tumor cells growing within histiocytes 
(fig. 10). The association between the tumor cells and the histiocytes 
was most clearly shown by phase photographs of cell clumps growing 
free in the fluid of the chambers and the peritoneal cavity of the mouse 
(figs. 13, 14, and 15). 

Penetration of the filter by the L#1 cells seemed to be affected by the 
mutual association of the two types of cells. It was rare to find cells within 
the filter below a group of tumor cells and histiocytes (figs. 16-19). But 
in areas where there were tumor cells alone or histiocytes alone, cells were 
then seen within the substance of the filter. This seemed to indicate that 
the formation of a clump restricted the movement of both types of cells 
into the filter. 

Discussion 

It is clear from these experiments that some cells from all of the tumors 
can pass through a cellulose membrane containing pores of 1.24 average 
size, and that as far as could be discerned, the mode of progression of the 
cells through the filters is the same for all 3 tumors. Thus the filter does 
not act as a complete barrier for all the cells of any one tumor. It is 
obvious, in addition, that penetration of the cells through the cellulose 
membrane is not mediated by enzymes which digest this barrier. As a 
corollary to this, however, it is equally clear that the cells of the different 
tumors do not have the same facility for passing through the membranes 
in a given arbitrary time interval nor do they exhibit an equal capacity 
for establishing themselves as an actively growing population once they 
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have passed through the filter. It appears that these tumors consist of 
cell populations which as a whole differ intrinsically from each other 
despite certain similarities among individual cells. The inherent differ- 
ences in the behavior of the tumor-cell populations, which may have some 
bearing upon the in vivo invasiveness of the tumors, are the ability of the 
tumor cells to survive and grow after passing through the filters, the 
growth rate of the tumor-cell population, the interaction between the 
tumor cells and the normal host cells, and the speed and constancy of 
ameboid motility. The rate of locomotion of the cells of these tumors is 
currently being determined by means of time-lapse cinematography. 

The behavior of L1210 and L#2 cells in the chambers was almost 
consistently predictable. As a general rule, the cells grew well and 
penetrated the filters in a predictable manner and became established in 
the empty side of the chamber. Penetration of the L#1 cells through the 
filter did not follow a consistent pattern, and the numbers of dead cells 
observed on the empty side of the chamber seemed to indicate that the 
cells did not survive well after passage through the filter. This incon- 
sistent behavior is suggestive of a mixed-cell population in which the 
proportion of different cell types could vary from one transplant genera- 
tion to the next. Lymphoma #1 is a tetraploid tumor with a range of 
DNA values varying from below the 4n level to above the 8n level (9) 
and it is possible that the individual cells of this population behave 
differently from one another under the same environmental conditions. 
The possibilities for differences in behavior of the cells of tetraploid tumors 
have been discussed by Hauschka and Levan (10). 

At the beginning of these experiments it was expected that cell size 
might possibly be involved in the ability of the tumor cells to penetrate 
through very small pores, but measurements have shown that L1210 
cells, on the average, are larger than L#1 or L#2 cells (11) and thus there 
is no correlation between size and the ability of the cells to penetrate the 
filters. 

Attempts were made to quantitate the growth of the tumors in the 
chambers, but it was not technically feasible to do so; the only index of 
growth was the very rough estimate of the amount of material observed 
macroscopically inthechambers. Judging on this basis, L#1 produced less 
growth than L1210 orL#2. This slowgrowth cannot be ignored as a possi- 
ble factor in the behavior of the L#1 tumorin the diffusion chambers, but the 
evidence does not point strongly to it as a major influence since neither 
the size of inoculum nor the ultimate amount of tumor material (used 
here as a measurement of growth) produced in the chamber could be 
correlated with the appearance of tumor cells on the empty side of the 
chambers or their subsequent survival and growth. 

The interaction between the L#1 tumor and the normal host cells was 
a notable feature of the growth of this tumor in the chambers. When 
the tumors were introduced into the chambers, a certain number of 
normal host cells, largely histiocytes, were included. The histiocytes also 
grew in the chambers, penetrated the filters, and grew on the empty side 
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of the chamber. From the differential counts of the cell populations of 
the ascites tumors it is certain that very close to the same number of 
normal cells, about 5 percent, were present in each tumor (12). The 
histiocytes introduced with L#2 and L1210 grew entirely independently 
from the tumor cells, while the histiocytes introduced with L#1 appeared 
to be an integral part of the tumor population. The histiocytes enclosed 
quite large groups of cells on the surface of the filter, and in the fluid 
above the filter individual tumor cells could be seen enclosed in the cyto- 
plasm of the free-floating histiocytes. Whether this behavior represents 
& symbiotic existence or whether it represents a manifestation of a mild 
immunologic incompatibility can only be a matter of speculation. 

A close relationship between lymphocytes and other cells has been ob- 
served before. Lewis (13) in 1925 observed the engulfment of living 
lymphocytes by mononuclear cells in cultures of frog blood. From his 
description of the process it appears to be precisely the same as that 
observed here. Bichel (14) also observed this phenomenon in cultures 
of the Krebs mouse lymphosarcoma. In these cultures, Bichel was able 
to observe the leukemic cells erupting by amoeboid movement through 
a strand of fibroblast cytoplasm, leaving behind a defect in the cytoplasm 
of the same size as the erupted cell. Koller and Waymouth (15) have 
described the occurrence of living leukocytes inside the cytoplasm of sar- 
coma cells cultured in vivo. Time-lapse, phase-contrast photographs 
of these cells clearly show their movement within the confines of the cell. 
More recently, Humble, Jayne, and Pulvertaft (16) have described this 
phenomenon at some length and have suggested the term ‘‘emperipolesis”’ 
for the “inside round about wandering” of the lymphocyte within cells. 
These authors have shown that in cultures of human bone marrow and 
lymph nodes, the normal lymphocyte has an affinity for the malignant 
cell and for cells in mitosis. It is of interest that the L#1 cells described 
in the present paper have retained the ability to penetrate and to sur- 
vive within the cytoplasm of other living cells. A further example of the 
penetration of these malignant lymphocytes into the cytoplasm of normal 
cells appears in the succeeding paper in this series (12). 

Another consistent and striking feature of the L#1 population growing 
in the chambers was the increased viscosity of the fluid and the production 
of masses of fibers large enough to be visible to the unaided eye. It is 
probable that the fibers and viscous material originated from the normal 
peritoneal célls that were introduced into the chamber with the tumor 
cells. In the stained preparations of the filters, the histiocytes associated 
with the L#1 tumor had an abundant vacuolated cytoplasm. Histiocytes 
associated with the other 2 tumors had much less cytoplasm, and vacuoles 
were only rarely seen. This difference in the appearance of the normal 
cells associated with the tumors suggests that the histiocytes associated 
with L#1 were in some way stimulated and that the vacuolization of the 
cytoplasm may be associated with the viscous material characteristic 
of the growth of the tumor in the chambers. It will be of interest to char- 
acterize further the nature of the viscous material and fibers. 
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SHELTON AND RICE 
Summary 


In an attempt to find reasons for the variation in the invasive capacity 
of the cells of different lymphocytic tumors of the mouse, the behavior 
of 3 lymphocytic tumors was studied in an artificial system, the diffusion 
chamber. In the diffusion chamber a cellulose-membrane filter was used 
as a synthetic barrier upon which the cells were grown. 

The cells of the more invasive tumors, L1210 and L#2, were able to 
penetrate a cellulose membrane with a pore size of 1.2+0.34 more quickly 
than did the cells of the less invasive L#1. It was apparent that the pene- 
tration of the cells through the cellulose membrane was not mediated by 
enzymes which digested the artificial barrier. No correlation could be 
established between cell size and the ability to penetrate the filters, and 
the mode of progression of the cells through the filters was the same for 
all 3 tumors. 


The behavior of the less invasive L#1 tumor was distinctly different 
from L1210 and L#2. Notable features of the growth of L#1 cells in the 
chambers were an increased viscosity of the fluid, the formation of fibers, 
and the growth of the tumor cells within the host histiocytes. 
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Ficure 1.—Clump of L#1 cells after 14 days’ growth in the chamber. These cells 
are held together by a sticky, fibrous matrix. Attempts to separate the cells result 
in distortion of the tumor cells such as can be seen in the lower-left corner. Phase. 
xX 800 


Ficure 2.—Normal host histiocyte and fibers in fluid on empty side of chamber in 
which L#1 cells had grown for 20 days. Phase. X 2,000 
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Figure 3.—L1210 cells on surface of RA filter after 10 days of growth. Normal 
histiocytes can be seen as spindle cells growing on the membrane. Hematoxylin. 
125 


Ficure 4,—L#2 cells on surface of filter after 10 days of growth. Hematoxylin. 
xX 125 


Ficure 5.—L#1 cells on surface of filter after 20 days of growth. Growth is more 
organized than that of L1210 or L#2. Hematoxylin. X 125 
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PLATE 23 


Ficures 6-9.—Series of photographs taken from the surface into the substance of 
an RA filter. L#2 cells after 10 days of growth. Compare with figures 16 to 19. 
Hematoxylin. 1,000 
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Figure 10.—L#1 cells floating in fluid on tumor side of chamber after 17 days in 
animal. Tumor cells within histiocyte. Phase. > 800 


Figure 11.—L#1 tumor cells and normal host cells growing on surface of filter. 


Note 
intimate association between the two cell types. 


Hematoxylin. > 1,000 


Figure 12.—L1210 cells and normal histiocytes on empty side of chamber after 10 


days of growth. Compare with figure 11. Hematoxylin. 500 
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Ficure 13.—L#1 and host histiocyte in ascitic fluid 233 hours after tumor trans- 
plantation. Phase. X 2,000 


Ficure 14.—L#1 and host histiocyte, 65 hours after transplantation of ascites tumor. 
Phase. > 2,000 


Ficure 15.—L#1 cells inside histiocyte after 10 days’ growth on tumor side of diffu- 
sion chamber. Arrow points to histiocyte nucleus. Phase. 2,000 
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PLATE 26 


Ficures 16 and 17.—Photographs of surface and just beneath surface of filter on 
which L#1 cells have grown for 20 days. Hematoxylin. > 1,000 


Figures 18 and 19.—Same as 16 and 17. Hematoxylin. 500 
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Studies on Mouse Lymphomas. III. 
Behavior of Tumor- and Non-Tumor- 
Cell Populations during Growth of 
Three Ascites Lymphomas ' 


Emma SHetton and Mary E. Rice, Laboratory of 
Biology, National Cancer Institute,? Bethesda, Mary- 
land 


During the past 4 years the growth characteristics of various ascites 
tumors of the mouse have been reported by several investigators (1-6). 
Klein and Révész (2) were able to demonstrate some essential differences 
between the growth characteristics of 3 lymphocytic ascites tumors and 
an ascites carcinoma and sarcoma. 

The growth studies reported here were initiated in an attempt to define 
more precisely some of the differences between a localized lymphocytic 
neoplasm (lymphosarcoma) and 2 generalized lymphocytic neoplasms 
(lymphocytic leukemia) in the mouse (7). It was found that the growth 
curves of the lymphocytic leukemias, Lymphoma #2 (L#2) and Lymphoid 
leukemia 1210 (L1210), resembled those of the ascites lymphomas studied 
by Révész and Klein (3), while the growth curve of the lymphosarcoma, 
Lymphoma #1 (L#1), resembled those of the sarcoma and carcinoma 
studied by Klein and Révész (2). 


Materials and Methods 


The history of the tumors used in this study, L#1, L#2, and L1210, has 
been recorded elsewhere (8-10). L#1 and L#2 were propagated in strain 
A/HeN or A/LN X A/HeN mice, while L1210 was grown in DBA/2 mice 
of both sexes. The tumor generation (number of ascitic transfers) and 
the age of the ascites tumor at the time of each experiment are shown 
in table 1. 

The method for estimating the population growth of these tumors was 
essentially that of Révész and Klein (3). The mice were inoculated with 
a known number of ‘tumor cells (table 1) contained in 0.2 or 0.3 ml. of 
ascitic fluid. At the periods indicated in text-figure 1, the total number 
of cells in the ascitic fluid was estimated by the dye-dilution technique. 
The growth of each tumor was calculated twice with separate groups 
of mice (table 1). Briefly the method used was as follows: 0.5 ml. 
of a 0.05 percent solution of bromsulphalein (BSP) in buffered iso- 
tonic saline (3) was injected intraperitoneally into a mouse by means 


1 Received for publication January 7, 1958. 
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TABLE 1.—Tumor age and generation; number 


in each experiment 
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of cells injected and number of mice used 


Number of 
Tumor Tumor age | Number of 
Tumor Expt. No. generation (days) mice = deen 


70 


L#2 


1.1210 


13 
15 


12 
33 


11 
15 


of a syringe fitted with a #26-gauge needle. 


The mouse was immediately 


killed by cervical fracture and rotated by hand for 2 minutes in order to 
mix the BSP with the ascitic fluid. The ascitic fluid, which was then with- 
drawn by a pipette and rubber bulb through a hole in the abdominal wall, 
was aspirated into a test tube held in crushed ice where it remained chilled 


throughout the experiment. 


After thorough mixing, small droplets of 


the fluid were placed on slides and spread under coverslips that were sub- 


sequently sealed with paraffin. 
ential counts. 
nations and for total cell count (7). 


centrifuged and the concentration of BSP in the cell-free serum was 


These preparations were used for differ- 
Samples of the fluid were also used for hematocrit determi- 


The remainder of the fluid was 


TOTAL FREE TUMOR CELLS x 10& 


(Exp./) 
(Exp.2) 


° 
Liver invaded (Exp) 4 
Liver invaded Lt (Exp2) 
20 40! 60 80 sn 120 140 160 180 1200 220 240 260 280 300 320 
20ays 4 6 Doys 8 Doys 10 Days 12 Days 
TIME IN HOURS 


one animal. The lines were fitted by sight. 


TExXtT-FIGURE 1.—Growth curves for L#1, L#2, and L1210. Each point represents 
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determined as follows: Duplicate samples of 0.01 ml. BSP and 0.05 ml. 
ascitic serum were diluted to 3 ml. with 0.1 N NaOH and read at a wave- 
length of 580 my against 0.1 N NaOH in a Beckman DU spectrophotom- 
eter using 1 cm. cuvettes. In clear sera there was no nonspecific absorp- 
tion at 640 my (3). Icteric sera were encountered in the later stages of 
the growth of L#1, and hemoglobin was present in the sera of L#2 and 
L1210 in the later stages of growth of these tumors. It was possible to 
correct for the presence of bile by subtracting the absorption at 640 my 
from the absorption at 580 my, but the error introduced by the presence 
of hemoglobin could not be corrected for; thus hemolyzed sera were not used. 

The volume of the total ascitic fluid that was occupied by cells was de- 
termined by the hematocrit method. Ascitic fluid was taken up in Van 
Allen hematocrit tubes that were centrifuged for 1 hour at 1600 r.c.f. 
(relative centrifugal force) in an International refrigerated centrifuge 
cooled to 0°-5° C. 

It was necessary because of the low initial cell inoculum to make differ- 
ential counts of the cell population at each time interval in order to correct 
the total count for tumor and non-tumor cells. These counts also made it 
possible to determine the fluctuations that occurred in the number of the 
various types of normal cells during tumor growth. Many slide prepara- 
tions were made from each tumor in order to achieve the precise degree of 
flattening of the cells that permitted an accurate distinction between the 
various cell types in the ascitic fluid. A grid placed in the ocular of a 
phase microscope facilitated counting at a magnification of 1,200. 
Lymphocytes, macrophages, polymorphonuclear leukocytes, tumor cells, 
and tumor mitoses (all stages) were enumerated separately in a count that 
totaled at least 1,000 cells. The number of mitoses per 1,000 or 2,000 cells 
was reduced to a percentage that is referred to here as the mitotic index. 

In the second experiment, a complete autopsy of each animal was per- 
formed. ‘Tissues were fixed in Orth’s fluid and sections were stained in 


eosin-azure. 
Results 


Growth of Tumor-Cell Population 


The growth of the L#2 and L1210 ascites-tumor populations closely 
paralleled each other (text-fig. 1). The population growth of these tumors 
proceeded exponentially for 60 hours with no initial lag and a doubling 
time of 14 hours for L#2 and 12 hours for L1210. After 60 hours there 
was a definite though slight decrease in the growth rate of both tumors; 
the rate then proceeded approximately exponentially for the next 48 hours 
with a doubling time of 16 to 17 hours. It was unfortunately not possible 
to carry the growth curves of these tumors beyond 108 hours because 
hemorrhage into the peritoneal cavity made it impossible to obtain accu- 
rate hematocrit or spectrophotometer readings. Mice bearing L1210 
usually died after 6 days while mice bearing L#2 died after 8 days. 

In contrast to L#2 and L1210, L#1 grew so slowly after inoculation that 
it was not practicable to count the tumor cells in the ascitic fluid before 
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66 hours. Even at 66 hours the amount of ascitic fluid was so small that 
the accuracy of the determination was suspect. It can be seen that the 
results of the two different experiments are widely separated at this time 
(text-fig. 1). However, among the individual mice in each experiment 
there is relatively close agreement, which serves to increase the validity of 
the estimate of each experiment. Fortunately, it is not necessary to have 
great accuracy at this point to demonstrate that in the growth of this 
tumor there was a definite initial lag, which lasted approximately 66 hours. 
The data suggest the possibility that the tumor-cell population may even 
decrease initially before beginning to increase in size. Following the lag, 
there was a short period (48 hours) of exponential growth during which 
the tumor population doubled every 14 hours, or at a rate roughly com- 
parable to that of L#2. After this, the growth rate decreased rather 
abruptly and between 136 and 282 hours the tumor population increased 
at a slow, exponential rate with a doubling time of 106 hours. 

The fluctuations in tumor-cell concentration and in the percentage of 
tumor cells are graphically expressed in text-figures 2 and 3. It can be 
seen that the initial lag in the growth of L#1 has displaced its curve to 
the right in each case. All the tumors rapidly attained a level of over 
90 percent of the total population. The concentration of tumor cells 
per milliliter of ascitic fluid for all the tumors increased parallel to the 
increase in cell number during the period of initial exponential growth, 
and then decreased erratically as the tumor grew older (text-fig. 2). 
The animal-to-animal variation in cell concentration in tumors of the 
same age was very large in the later stages of growth and bore no relation 
to the total cell population. The 3 ascites lymphomas studied by 
Révész and Klein (3) showed a similar relationship between ascitic 
volume and cell number. 

The mitotic index of the tumors was high for a short period immediately 
after inoculation for L1210 and L#2 or following the lag period for L#1. 
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TExXtT-FIGURE 2.—Showing fluctuations in the concentration of tumor cells in the 
ascitic fluid during tumor growth. Each point represents the average of the animals 
in both experiments at each time interval. 
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TrextT-FIGURE 3.—Showing the increase with time in the percentage of tumor cells 
in the total cell population. Each point represents the average of the animals in 
both experiments. 
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TEext-FIGURE 4.—Average mitotic index of L1210, L#2, and L#1 as a function of 
time after tumor inoculation. The average at each interval is indicated by the 
solid line and the 95 percent confidence limits of these averages are indicated by 
the hatched areas. 


It can be seen from text-figure 4 that the mitotic index of L1210 continued 
to maintain a relatively high level during the entire length of the growth 
period studied. In contrast to this, the mitotic index of L#1 and L#2 
steadily decreased from the initial high level until the end of the observa- 
tions. The frequency of mitosis in these tumors during the exponential 
phase of growth was considerably higher than that observed by Patt 
et al. (1) for the Krebs carcinoma, but the data of Klein and Révész (2) 
on the variations in the mitotic index during the growth of the Ehrlich 
carcinoma appear to be essentially the same as those observed for L#1 
and L#2. 
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Behavior of Non-Tumor Population: Identification of Normal and 
Malignant Lymphocytes 


In planning these growth studies it was necessary to decide whether 
to use large or small numbers of cells as an initial inoculum. Since Klein 
and Révész were able to abolish the initial lag in the growth of the 
Ehrlich ascites tumor by injecting 40 X 10° cells instead of 0.7 X 10° cells, 
it was felt that large inocula might mask any differences between the 
tumors that possibly were present. On the other hand, when low numbers 
of cells are used as starting inocula, the tumor cells comprise a relatively 
small percentage of the total cell number during the initial stages of 
growth, and differential counting must be resorted to in order to follow 
the growth of the tumor-cell population. In the case of the Ehrlich 
tumor, identification of the tumor cells is comparatively simple since 
the Ehrlich tumor cells are morphologically easy to distinguish from 
the normal cells in the ascitic fluid. The morphologic differentiation 
between the malignant and the normal lymphocyte presents a much 
more difficult problem in cell identification and, to circumvent the 
necessity for cell identification in their studies on the growth of ascites 
lymphomas, Révész and Klein (3) used large initial inocula that rapidly 
produced a nearly pure population of tumor cells. 

Since it was the purpose of this study to demonstrate, if possible, any 
differences in behavior that might exist among these 3 tumors, it was 
desirable to use small inocula, and differential counting of the cells was 
attempted. By studying fresh preparations of ascitic fluid with the 
phase microscope, it was possible to recognize and to differentiate the 
cells of L#1, L#2, and L1210 from the normal cells of the peritoneal fluid. 
The growth of the tumor population could thus be followed. It might 
be said parenthetically that it has not been possible to do this with some 
new, spontaneous lymphocytic tumors which are less than a year old. 
In addition, it should be emphasized that the following discussion refers 
to cells which were suspended in a mixture of ascitic fluid and a solution 
of BSP in buffered isotonic saline. 

Plates 27 to 31 illustrate the essential differences between theselymphoma 
cells and the normal cells which are associated with them in the ascitic 
fluid. The characteristic lobed nucleus and the unfailing presence of 
refractile lipide granules in the cytoplasm of the L1210 cells (fig. 2) 
make their identification a comparatively easy matter. L#1 (fig. 1) 
and L#2 (figs. 3-12) more closely resemble the normal lymphocyte so far 
as nuclear contour is concerned. In general, the characteristics that dis- 
tinguish all these tumor cells from their normal counterparts are larger 
cytoplasmic volume, paler nuclear outline, and an almost complete lack of 
granularity in the cytoplasm. This latter characteristic is most evident. 
It is very difficult to distinguish mitochondria in the lymphoma cells. 
These are obvious only in some dividing cells where they can be seen to be 
abundant but small in size. The apparent emptiness of the tumor-cell 
cytoplasm is due to a lack of contrast between the granules and the cyto- 
plasm when they are observed with the phase-contrast microscope and is 
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undoubtedly related to differences in the optical density of either the cyto- 
plasm or the particles themselves. These density changes are probably 
related to alterations in the concentration of substances such as protein 
or nucleic acids in the internal milieu of the cell. 

The character of the cell surface is another prominent feature which 
serves to distinguish the normal from the malignant lymphocyte. The 
contour of the surface of the tumor cell is uniformly smooth even when the 
cells lie in close contact with each other. In contrast, the surface of the 
normal lymphocyte is usually covered with short cytoplasmic projections 
that give the cells a prickly appearance (figs. 3, 4, and 5). These projec- 
tions increase in number as the age of preparation increases. The normal 
lymphocytes and macrophages tend to stick together and to aggregate into 
clumps (figs. 3-7). Intimate contact between normal lymphocytes or 
between lymphocytes and other normal cells is accomplished by the 
apparent fusion of cytoplasmic processes extending from each cell (figs. 
3-6). Except under adverse conditions, this type of contact was never 
observed between the malignant lymphocytes, which retained their smooth 
periphery. In older slide preparations, the smooth cytoplasmic contour 
of the malignant cells tended to “break down” and cytoplasmic blebs 
protruded from the surface of the cells. These protrusions could be 
distinguished from the surface character of the normal lymphocyte (fig. 4). 
Polymorphonuclear leukocytes, macrophages, and mast cells were readily 
identified, though the latter cells were only rarely seen (figs. 1, 2, 5, 7, 
10, 11, and 12). Very small lymphocytes with scanty cytoplasm were 
frequently seen (figs. 2 and 9) and became more numerous relative to the 
larger lymphocytes as the age of the tumor progressed. 


Fluctuations in the Normal Cell Population during Tumor Growth 


It can be seen from text-figure 5 that there was a definite, slight increase 
in the total number of non-tumor cells during the growth of L#2 and 
L1210 while in contrast the number of non-tumor cells associated with 
L#1 remained stationary during the growth of the tumor. During the 
growth of all the tumors there was a definite rise in the number of macro- 
phages in the ascitic fluid (text-figs. 6 and 7). In the case of L#1 and 
L1210, there was also a gradual decrease in the lymphocyte population 
as the tumor grew older. It is possible that a similar downward trend 
in the lymphocyte population of L#2 would have occurred if it had been 
possible to follow it for a longer period. As it was, aside from a terminal 
decrease, the lymphocyte population in the L#2 ascites tumor remained 
approximately constant during the entire growth period. Concomitant 
with the increase in the number of macrophages, there was an increase 
in the number of transition forms between lymphocytes and macrophages 
(11). These cells were enumerated as macrophages. 

It is of interest to compare these results with those of Felix and Dalton 
(11) who followed the fluctuations in the relative proportions of the free 
cells of the peritoneal fluid of mice in response to various acute stimuli. 
Following the intraperitoneal injection of melanin granules or carbon 
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particles, there was a rapid, relative rise in macrophages and fall in 
lymphocytes, but the relative proportions of these cells rather quickly 
began to return to normal. In the present studies, the continuing stimu- 
lus of the growth and death of the L#1 cells in the peritoneal fluid was 


30 &YMPHOMA'2 


40F 21210 


TOTAL NORMAL CELLS x 10° 
Nn 
T 


cymPHoMA% 
30 
° 
Om 
° 
25 100 200 300 


HOURS AFTER TUMOR INOCULATION 


Trext-FicuRE 5.—Total non-tumor cells in the ascitic fluid as a function of time after 
inoculation of the tumors. 


400 + 1 

300 e 

200 
100 aa 
° 8.0 4 
x a 
a 
w 
20+ 4 
Macrophages Exp.t 
© Mocrophoges Exp.2 
o6 a lymphocytes Expt 

& Lymphocytes Average \ 
0.2 + \ 
\ 
\ 
40 60 80 100 120 140 160 ‘80 200 220 240 260 280 300 320 
TIME IN HOURS 


TEext-FIGURE 6.—Curves showing the fluctuations in the number of macrophages 
and lymphocytes during the growth of L#1. Each point represents one animal. 
The lines are drawn through the averages of the values at each time interval. 
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Text-FIGURE 7.—Curves showing the fluctuations in the number of macrophages and 
lymphocytes during the growth of L1210 and L#2. Each point represents one animal. 
The lines are drawn through the averages of the values at each time interval. 


reflected in the continued downward trend in the number of lymphocytes 
and the continued elevation of the macrophage population. 

The polymorphonuclear leukocytes (PMN) associated with all 3 tumors 
were always less in absolute number * and in percentage relative to the 
macrophages and lymphocytes. Relative to the other non-tumor cells, 
the PMN associated with L#1 started at 6.5 percent and decreased steadily 
to 0 percent at 258 hours, PMN associated with L#2 started and ended 


at 12 percent, and PMN associated with L1210 started at 21 percent and 
ended at 11 percent. 


Invasiveness of the Tumors 


Differences in the invasiveness of the tumors were less apparent when 
they were grown in the ascites form than when they were grown in the 
solid form (8). This is undoubtedly due to the fact that tumor cells 
growing in the peritoneal cavity have direct access to the blood stream 
through the abdominal lymphatics and mesenteric blood vessels and tend 
to spread more rapidly throughout the body. It seems remarkable, there- 
fore, that the L#1 cells were not observed invading organs at distant sites 
earlier than they were. The cells of all the tumors were implanted in the 
mesenteries within 12 hours after inoculation (fig. 13). Autopsies were 


+ The average number of PMN in millions at the time intervals indicated in text-figure 1 is for L#1, 0.8, 0.7, 


0.9, 0.5, 0.1, 1.3, 0.4, 0.0, 0.0, 0.0; for L#2, 1.9, 1.3, 1.4, 2.2, 3.4; for L1210, 2.6, 2.1, 4.0, 4.5, 2.3. Each figure represents 
the average for from 3 to 6 mice. 
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performed on the L#1 animals at this time though cell counts were not 
attempted. Pancreatic invasion occurred at 60 hours for L#2 and L1210 
(fig. 14) and at 88 hours for L#1. Mesenteric and pancreatic implanta- 
tion of lymphocytic tumors was observed by Révész and Klein (3) to 
occur at comparable time intervals. 

Since all the tumors ultimately infiltrated the liver, hepatic infiltratiou 
was used as a basis for comparing the rapidity of invasion of the tumors. 
Tumor cells appeared in the livers of mice bearing L#2 and L1210 after 
60 hours and they became progressively more abundant with time, spread- 
ing throughout the liver singly or in small groups (figs. 15 and 16). The 
tumor cells were not concentrated in any one spot during this initial 
phase of invasion and the architecture of the liver was not particularly 
disturbed. At 108 hours, tumor cells could be seen in every microscope 
field so that the number of cells in the liver as a whole must have been 
quite large. 

At 114 hours, L#1 cells were first observed as distant metastases in the 
liver, but there was no progressive invasion and even after 233 hours some 
livers appeared to be completely free of metastasized tumor cells. How- 
ever, at the terminal stage of tumor growth there was a dramatic infiltra- 
tion of L#1 tumor cells into the liver (compare fig. 17 with fig. 18). Local 
invasion of the liver that was not metastatic but direct invasion from the 
peritoneal cavity regularly occurred in the region of the hilus (fig. 19). 
Obstruction of the common bile duct by tumor growth resulted in jaundice 
and enlargement and vacuolization of the liver parenchymal cells. The 
local invasion of the liver by L#1 developed after the tumor had been 
carried several years as an ascites tumor and is now a characteristic of 
this particular “line.” Another ascites-tumor “line” developed from the 
L#1 solid tumor does not exhibit this characteristic. 

At 281 to 305 hours, metastasized L#1 tumor cells were observed to be 
within the parenchymal cells (figs. 20, 21, 22, and 24). This was a most 
frequent occurrence with L#1 which was never observed with L1210 and 
only rarely with L#2 (fig. 23). Occasionally, parenchymal cells could be 
seen to have large vacuoles containing what appeared to be the remnant 
of a cell (fig. 24). The ultimate fate of these intracellular cells is unknown 
but it appears that some at least fail to survive. 


Discussion 


The similarity in the growth behavior and invasiveness of L#2 and 
L1210 to the lymphocytic ascites tumors studied by Révész and Klein is 
striking, but the divergence of L#1 from this common pattern is even more 
extraordinary. Instead of proceeding to grow at an exponential rate 
immediately after inoculation as do the other tumors, L#1 shows an 
extended initial lag in growth similar to that of the Ehrlich carcinoma 
and the MC1M sarcoma (2). The initial lag in growth is not necessarily 
a feature peculiar to carcinomas or sarcomas since Patt et al. (1, 12) were 
unable to demonstrate any delay in the growth of the Krebs-2 carcinoma 
after inoculation of cells over a range of 10° to 2 & 10%. Both Klein and 
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Patt discuss the possible significance of the initial lag in growth but no 
satisfactory explanation has been found, nor is one available here. It is 
possible, however, to eliminate some factors which might be responsible 
for it. For example, implantation of cells in the peritoneum and viscera 
occurs within 12 hours for all 3 of the tumors studied here; thus implanta- 
tion resulting in loss of cells from the fluid cannot account for the lag in 
L#1 alone. Immunological incompatibility of the L#1 cells with the 
host resulting in an initial suppression of growth also seems unlikely 
since Hauschka and Levan (13) have shown this tumor to be less suscep- 
tible to such an inhibition by virtue of its tetraploidy. 

Can there be a relationship between the initial growth lag and the subse- 
quent invasive behavior of L#1? The cells of this tumor can be seen in 
the blood vessels supplying the liver, and occasional isolated cells can be 
seen in the hepatic sinusoids, but only when the animal is dying do the 
tumor cells appear to invade the liver in appreciable numbers. Progressive 
local invasion into the liver by cells growing in the peritoneal cavity does 
occur, but it is not considered to be the same phenomenon as the distant 
metastases characteristic of L#2 and L1210. The cells of the L#1 tumor 
do not seem to have the capacity to establish themselves readily at sites 
distant from the site of the main tumor mass. This appears to be a 
characteristic of the cells themselves since they exhibit similar behavior 
when isolated from the host in diffusion chambers (7). The lag period in 
the growth of the L#1 tumor and the inability of the cells of the tumor 
to become established at distant sites in the host may be different mani- 
festations of the same phenomenon, where in a mixed-cell population 
only a certain proportion of the cells have the capacity for survival and 
growth under adverse conditions. 

It is of interest that L#1 possesses a capacity for growth equal to that of 
L#2 and L.1210 and that, given the proper climate, the growth capacity is 
expressed. During the exponential phase of growth which followed the 
initial lag, the cell population of L#1 increased with a doubling time of 14 
hours which was essentially equal to that of the other 2 tumors. In the 
terminal exponential phase, however, the growth of L#1 proceeded much 
more slowly than that of L#2 and L1210, and, on the average, the cell 
population did not reach the level attained by the other tumors. 

The course of growth of these 3 tumors beyond the exponential phase 
is in accord with those studied by Révész and Klein. Although there 
were differences in the size of the initial inoculum between their studies 
and these, the general pattern of growth seems to be similar. When 20 
to 80 million cells were used as an initial inoculum by Révész and Klein, 
the exponential phase of growth ceased when the population reached 500 
to 700 million cells (3), and when this level was reached there was either 
little further increase in total cell number or a slow increase to a level of 
1,600 million cells. When 6 million cells were used as the initial inoculum 
in this study, the exponential phase ceased when the cell population 
reached a level of 100 to 200 million cells, but there followed a continued 
slow increase in cell number up to a level of 500 to 600 million. The 
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complexity of the physiologic factors involved in this leveling phase has 
been discussed by Patt and Blackford (12). 

Examination of the non-tumor-cell population revealed yet another 
difference between L#1 and the other 2 tumors. The average total num- 
ber of non-tumor cells present at the first time interval, that is, at 12 
or 66 hours after inoculation, was 12 million for L#1 and L1210 and 15 
million for L#2. With the exception of 2 time intervals, namely, 258 
and 305 hours, the non-tumor-cell population associated with L#1 did 
not change during the period of tumor growth. The increase in non- 
tumor-cell numbers at 258 hours was due to an exceptionally high number 
of macrophages in 1 animal. The drop in non-tumor-cell numbers at 
305 hours appears to be real, since all 3 of the animals at this time showed 
a substantial decrease. In contrast to this, the non-tumor cells associated 
with L#2 and L1210 showed a significant increase in number as tumor 
growth progressed. 

None of these lymphocytic tumors elicited the inflammatory response 
observed by Klein (2, 14) and Patt et al. (1) after the injection of the 
Ehrlich and Krebs carcinomas. With the lymphomas studied here, we 
have been able to show that while the percentage of macrophages and 
lymphocytes decreases sharply as the percentage of tumor cells increases, 
the absolute number of macrophages tends to increase while the absolute 
number of lymphocytes tends to decrease. Polymorphonuclear leukocytes 
associated with L#1 maintained a level between 0.5 and 1 million for the 
first 10 days of tumor growth and after this time no PMN were observed 
in the differential counts. During the course of growth of L#2 and L1210 
they doubled in number but these cells were always in an absolute and 
relative minority. 

When the percentages of non-tumor cells relative to each other are 
compared with the percentage of these cells in the normal ascitic fluid, 
significant alterations in relative percentage are apparent. Thus in the 
normal ascitic fluid of the strain A mouse the lymphocytes, macrophages, 
and PMN constitute 78 percent, 21 percent, and 1 percent, respectively, 
of the cells in the ascitic fluid (mast cells being enumerated with the 
macrophages). On this basis the increase in PMN to 12 percent for L#2 
or 21 percent for L1210 represents a considerable increase, but the increase 
is not of the same order as that observed by Patt and Klein. Both the 
Ehrlich and Krebs tumors showed a very high, transient increase in PMN 
immediately after injection of the carcinomas. In the Ehrlich tumor 
after the transient rise in PMN, the macrophages dominated the non- 
tumor-cell population but the PMN remained above the lymphocytes in 
relative percent during the first 2 days of tumor growth (2). The Ehrlich 
tumor did not develop as pure an ascites as the Krebs tumor so that at 
least 10 percent of the cells in the ascites were normal to the host. In 
later quantitative studies with the Ehrlich tumor, Klein showed that the 
increase in the number of normal cells was directly proportional to the 
increase in tumor cells. The normal cells associated with the Ehrlich 
carcinoma far exceed the number associated with the lymphocytic tumors 


Journal of the National Cancer Institute 


5 


GROWTH OF ASCITES LYMPHOMAS 175 


studied here and, in addition, although the non-tumor cells associated 
with the lymphocytic tumors increase with tumor growth, the increase 
is not proportional to increase in tumor-cell number. 

It is possible that the comparative lack of inflammatory response 
observed with the lymphocytic tumors is due to the fact that these tumors 
have been maintained in the strain of mouse in which they originated. 
Both the Ehrlich and Krebs tumors during their long history have been 
maintained in various mouse strains and the observed inflammatory reac- 
tion suggests that a mild immunologic response is elicited by these 
tumors. 


Summary 


Growth curves for 3 lymphocytic ascites tumors of the mouse have been 
calculated. The growth curves of the generalized lymphocytic leukemias 
L#2 and L1210 were similar to those of other lymphocytic tumors in a 
report previously published (3), but the growth curve of the lymphosar- 
coma L#1 more closely resembled the curves of an ascites carcinoma and 
sarcoma calculated by Klein and Révész (2). The relevance of the growth 
curve of L#1 to its invasive behavior is discussed. 

The fluctuations in the non-tumor-cell population gave no indication 
of an inflammatory response to the inoculation of the tumors. The 
criteria for the morphologic differentiation between normal lymphocytes 
and the cells of these tumors are discussed. 
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PLATE 27 
Figure 1.—Lymphoma #1, 162 hours after inoculation. Arrows point to macrophage ‘ 
(top) and polymorphonuclear leukocyte (bottom). The cytoplasmic granules in the _ 


tumor cells tend to remain in a perinuclear position, while the granules of the 
macrophage are evenly distributed throughout the cytoplasm. Phase. X 2,000 


Figure 2.—L1210, 84 hours after inoculation. Center, an eosinophil and a small 
lymphocyte. Nuclei of the tumor cells are very pleomorphic. Refractile lipide 
droplets are always in the cytoplasm—even in dividing cells. Phase. X 2,000 
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PLATE 28 


Figure 3.—Lymphoma #2, 84 hours after inoculation. A tumor cell is in mitosis. 
Two normal lymphocytes are adhering to each other by processes extending from 
the cytoplasm of both cells. Note difference in the character of the cell surface 
between normal lymphocyte and tumor cell. Note also density of cytoplasmic 
granules in the normal lymphocyte as contrasted with the tumor cell. Phase. 
2,000 


Figure 4.—Lymphoma #2, 62 hours after inoculation. Two normal lymphocytes 
adhere to each other. The nuclear outline and cytoplasmic granules of these cells 
are much darker than similar structures in the adjacent tumor cell. Small bleblike 
processes can be seen at edge of the tumor-cell cytoplasm, but these cytoplasmic 
protrusions are clearly different from the spikelike projections characteristic of the 
surface of normal lymphocytes. Phase. X 2,000 


Figure 5.—Lymphoma #2, 12 hours after inoculation. Two tumor cells in lower right 
corner can be clearly distinguished from 2 normal lymphocytes and macrophages. 
A pyknotie nucleus with an attached cytoplasmic fragment is adjacent to the macro- 
phage. The serum in which these cells were suspended was slightly hypotonic 
and the intracellular granules of the tumor cells appear as bright spheres. There is 
some swelling of the granules of the macrophage, but their density still exceeds that 
of the tumor-cell granules. The striking difference in the surface character of these 
cell types is again illustrated here. Nole the long, pointed cytoplasmic projections 
extending from the lymphocyte toward the macrophage. Nole also the complete 
absence of any projections from the surface of the tumor cells. Phase. X 2,000 
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PLATE 29 


Figure 6.—Lymphoma #2, 12 hours after inoculation. One tumor cell near a clump 
of normallymphocytes. Note that tumor granules are bright spheres, while granules 
of the normal lymphocytes are dense. Observe the contact phenomena between the 
normal lymphocytes. Phase. > 2,000 


Figure 7.—Lymphoma #2, 12 hours after inoculation. One tumor cell, a clump of 
macrophages, and 2 normal lymphocytes. The cytoplasm of the tumor cell appears 
to be virtually devoid of granules and the smooth cytoplasmic outline clearly dis- 
tinguishes it from the normal cells. Phase. X 2,000 
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Figure 8.—Lymphoma #2, 108 hours after inoculation. Three tumor cells and 1 
normal lymphocyte. Although this preparation has begun to deteriorate, it is still 
possible to identify the lymphocyte by the density of the granules and the prickly 
surface of the cytoplasm. Phase. X 2,000 


Figure 9.—Lymphoma #2, 36 hours after inoculation. Three large tumor cells and 


3 small lymphocytes. These small lymphocytes become increasingly prominent as 
the age of the tumor increases. Phase. X 2,000 


Ficure 10.—Lymphoma #2, 60 hours after inoculation. Mast cells are a part of the 
non-tumor-cell population associated with these tumors at all stages of growth. 


Phase. X 2,000 
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FicurE 11.—Lymphoma #2, 144 hours after inoculation. Two tumor cells, a macro- 
phage, and a cell in the transition stage between a lymphocyte and a macrophage. 
Observe the difference in the surface character of these cells. Phase. X 2,000 


Fiaure 12.—Lymphoma #2, 84 hours. Five tumor cells and a transitional cell. 
Transitional cells of this size are capable of engulfing particles. Phase. > 2,000 
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Ficure 13.—Showing mesenteric infiltration by the cells of L#2 inoculated 12 hours 
previously. Eosin-azure. 100 


Figure 14.—Infiltration through the pancreatic capsule by cells of L#2 inoculated 62 
hours previously. Eosin-azure. 100 


Figure 15.—Islands of tumor cells in liver of an animal, 108 hours after inoculation of 
L#2. Eosin-azure. 500 


Figure 16.—Infiltration of the liver by cells of L1210, 108 hours after tumor inocula- 
tion, Eosin-azure. 500 
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Figure 17.—L#1 tumor cells in liver sinusoids, 281 hours after tumor inoculation. 
Eosin-azure. > 500 ‘ 


Figure 18.—Heavy infiltration of liver by L#1 cells, 305 hours after tumor inoculation. 


Eosin-azure. > 500 


Figure 19.—Local infiltration at the hilus of the liver by L#1 cells, 257 hours after 
tumor inoculation. Eosin-azure. > 100 
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PLATE 34 


Figures 20-24.—Lymphoma cells located within liver parenchymal cells. Figure 23 
shows an L#2 cell inside a liver parenchymal cell, 110 hours after tumor inoculation. 
2,000. The rest of the figures show L#1 cells located intracellularly, 281 and 305 
hours after tumor inoculation. Eosin-azure. Figures 20and24. X 2,000. Figures 


21 and 22. 1,500 
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Lymphatic Tissue Changes in Lethally 
Irradiated Mice Given Spleen Cells In- 
travenously 


C. C. Conepon, T. Maxinopan, N. GENGOZIAN, 
I. C. Saexarcat, and I. S. Urso, Biology Division, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 


Isologous spleen, like bone marrow, injected into lethally irradiated 
mice causes recovery from the acute radiation syndrome, whereas homol- 
ogous spleen treatment (1, 2) increases the lethality of total-body X 
radiation. Nevertheless, the lymphatic tissue changes with both types 
of spleen treatment are remarkably similar for a short interval after 
irradiation. These lymphatic tissue changes differ fron: those caused by 
irradiation alone or those seen with irradiation and treatment with isol- 
ogous or homologous bone marrow. The detrimental effect of adult 
homologous spleen on irradiated mice or nonirradiated newborn mice 
(1-4) was attributed to the ability of the transplanted spleen cells in 
certain instances to react immunologically against the antigens of the host. 

Presumably, the tissue changes reported here reflect the transplantation 
of the immune mechanism. 


Materials and Methods 


The recipient mice were male and female (C3H X 101)F, hybrids ap- 
proximately 12 weeks old. The homologous spleen donors were 12-week- 
old male and female (C57L < A)F, hybrids, usually referred to as LA F; 
mice. Food and water were freely available, and the mice were caged in 
groups of 10. 

The radiation conditions were 250 kv., 15 ma., 1 mm. of Al added 
filtration, HVL of 0.5mm.ofCu. The dose rate in air was approximately 
165 r per minute. The technique for preparing spleen cells was reported 
earlier (1). All injections were made 1 to 3 hours after irradiation. 
Donor bone-marrow suspensions for irradiated mice in certain control 
groups were prepared as previously described (5). 

Autopsies.—For serial study of the lymphatic tissue changes, mice in 
the different groups indicated in the text were killed by etherization. 
Body weight, thymus weight, and spleen weight were recorded at the 
autopsy. Organs taken for histologic study were fixed in Zenker-formol 
solution and the prepared sections stained with hematoxylin and eosin. 

1 Received for publication January 22, 1958. 
2 Operated by Union Carbide Nuclear Company for the U. S. Atomic Energy Commission. 
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A small group of irradiated mice dying after homologous spleen treatment 
were also autopsied. 


Experiments and Results 
Effect of Treatment with Isologous Spleen 


Sixteen mice were killed and autopsied, at close intervals from days 1 
to 33, after exposure to 950 r and an intravenous injection of approxi- 
mately 120 X 10° isologous spleen cells. The mice were of both sexes. 
Four control groups were examined: 1) Eight male and female animals 
were exposed to 950 r, then killed and autopsied between days 1 and 9 
after irradiation. This composed the X-ray control group. 2) Ten fe- 
male mice were killed and autopsied between days 1 and 19 after exposure 
to 950 r and treatment with a standard dose of isologous bone marrow 
(10 & 10° cells). 3) The third control group was given a massive dose 
of isologous bone marrow (93 X 10° cells) after 950 r. Eleven females 
were examined between days 1 and 21 after exposure. 4) The fourth 
control group consisted of 7 normal unirradiated male and female mice 
given 120 X 10° isologous spleen cells intravenously, killed, and autopsied 
between days 1 and 11 after injection. 

The most striking effect of isologous spleen treatment was on the spleen 
of the irradiated host. Within 24 hours after irradiation, there was 
marked accumulation of “large lymphocytes” * in the peripheral portions 
of the nodules making up the white pulp (fig. 1). By day 4 after irradi- 
ation, the white pulp was replaced and enlarged by large, pale-staining 
lymphocytes. At subsequent intervals, the white pulp continued to re- 
main prominent even when massive blood-cell formation filled the red 
pulp from day 6. The bland, nearly normal appearance of the white 
pulp, however, changed to a more reactive pattern with loss of some of 
its large lymphocyte component, the appearance of some plasma cells, 
large reticuloendothelial cells, and proliferation of lymphoblasts. This 
reactive pattern was present from about days 6 to 15. Thereafter, the 
white pulp gradually resumed a normal appearance with normal germinal 
centers present by day 27. Newly formed germinal centers, however, 
were first observed on day 8. 

In the control groups, the animals receiving 950 r only showed variable 
small collections of lymphocytes along blood vessels in the white pulp 
throughout the 9-day period of examination after exposure. There were 
also some collections of eosinophilic staining cells resembling plasma-cell 
precursors in the rudimentary white pulp, which suggested that even this 
atrophic tissue was capable of some reactive changes. 

There was no effect of the isologous spleen injection on the spleen of 


normal mice as determined by inspection of the tissue sections stained with 
hematoxylin and eosin. 


3 The term “large lymphocytes’’ is used in reference to these cells since they have the appearance of large 


lymphocytes in hematoxylin and eosin-stained preparations. We realize that eventually some other designation 
might be more appropriate, 
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The white pulp in the spleen of irradiated mice treated with isologous 
bone marrow (10 X 10° cells) did not differ in any major component from 
that seen in the X-ray-only group for the first 9 days after exposure (fig. 2). 
At day 12, the white pulp of th spleen of irradiated mice treated with 
isologous bone marrow showed accumulations of lymphocytes in the 
peripheral portions away from the blood vessels. Thereafter, the white 
pulp gradually recovered its normal architecture. Newly formed germinal 
centers were present in the day-19 specimen. 

The irradiated mice treated with a massive dose of isologous bone marrow 
showed essentially the same changes in the white pulp as those treated 
with the standard dose of bone marrow. 

The ratio of spleen weight to body weight was about the same in 
irradiated mice given isologous spleen and those injected with isologous 
bone marrow. Isologous spleen injection had no effect on the ratio in 
normal mice. 

After treatment with isologous spleen, the lymph nodes of irradiated 
mice showed the same type of change as that seen in the white pulp of 
the spleen. Nodular accumulations of large lymphocytes were in the 
cortex beneath the marginal sinus within 24 hours after injection of spleen. 
Many pyknotic and degenerating lymphocytes were scattered through the 
medullary region of the lymph nodes. During the next 3 days nearly 
all the lymphocytes disappeared from the medulla, while the nodular 
accumulation in the cortex enlarged and coalesced (fig. 3). At later 
intervals, the lymph nodes showed marked reactive changes resembling 
those seen in the white pulp of the spleen. Structures resembling regen- 
erating germinal centers were present as early as day 6 (fig. 4). The 
lymph nodes from the day-33 mouse had a nearly normal architecture. 
During the reactive stage, many plasma cells accumulated in some of the 
nodes. Small areas of granulocytic formation were regularly observed 
in the lymph nodes from days 11 through 20. Some lymph nodes showed 
lesser amounts of granulopoiesis at later intervals. 

In control groups, the lymph nodes of a mouse killed and autopsied 24 
hours after 950 r showed complete loss of lymphocytic elements from the 
cortex. Large collections of small lymphocytes were observed in the 
medulla. The medullary collections of lymphocytes persisted in varying 
amounts for the 9-day period of examination of these X-ray control mice. 
Peripheral cortical collections of lymphocytes of the type seen after isolo- 
gous spleen treatment were not observed. Focal reactive changes in 
some lymph nodes ¢onsisting of reticuloendothelial cell proliferation and 
collections of cells resembling plasma cells suggested that these irradiated 
lymph nodes were capable of some types of reactive response. 

The changes in the lymph nodes of irradiated mice given the standard 
dose of isologous bone marrow closely resembled those of the X-ray control 
animals for about 9 days after exposure (fig. 5). The lymph nodes on 
day 12 showed accumulations of large lymphocytes in the cortex beneath 
the marginal sinus. Granulocyte formation in the medullary cords was 
also prominent. After day 12, the lymph nodes gradually resumed their 
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normal architecture. Small, newly formed germinal centers were present 
in the day-19 specimen. 

The lymph nodes in animals given a massive injection of tsologous bone 
marrow resembled those given the standard dose. Marked granulocyte 
formation, however, was present as early as day 6 after exposure. 

The thymus in irradiated mice given isologous spleen did not show the 
accumulations of large lymphocytes seen in the spleen and lymph nodes. 
Regeneration of the cortex was first seen about day 8, and a normal 
architecture was present on day 13. 

In the control groups, the untreated, X-rayed mouse examined on day 9 
after 950 r showed mild regeneration of the cortex. X-rayed mice given a 
standard or massive dose of isologous bone marrow showed the same 
pattern and time relation of thymus regeneration as those of the isologous 
spleen-treated animals. The ratio of thymus weight to body weight for 
irradiated mice given isologous spleen was not appreciably different from 
that of mice given isologous bone marrow. 

The red pulp of the spleen and bone marrow after isologous spleen treat- 
ment showed beginning repopulation of the destroyed blood-forming 
cells by day 4 after exposure. Blood formation was hyperplastic in the 
red pulp of the spleen by day 9, and the bone-marrow cellularity was 
nearly normal. Lymphocyte accumulations were not seen in the bone 
marrow or red pulp of the spleen. Lymphocyte accumulations were not 
observed in the liver, lung, kidney, pancreas, adrenal glands, intestine, 
or salivary glands in irradiated mice given spleen cells. The few Peyer’s 
patches examined showed the same type of changes seen in the lymph 
nodes. 


Effect of Treatment with Homologous Spleen 


Eight mice were killed and autopsied, one each day (except on day 8) 
on days 1 through 9 after exposure to 950 r and intravenous injection of 
approximately 120 10° adult homologous spleen cells (LA F,). Both 
sexes were used. There was a progressive loss in body weight. 

Three control groups were examined. 1) The 8 male and female mice 
given 950 r only and reported under the section on isologous spleen treat- 
ment also served as the X-ray controls for this section. 2) Eight female 
mice were killed and autopsied at close intervals between days 1 and 12 
after exposure to 950 r and treatment with a standard dose of homologous 
bone marrow (10 X< 10° cells). 3) A group of 14 unirradiated male and 
female mice were given 120 & 10° homologous spleen cells intravenously. 
They were killed and autopsied at intervals between days 1 and 39 after 
injection. 

The white pulp of the spleen in the irradiated mice given homologous 
spleen showed peripheral collections of large lymphocytes within 24 hours 
after injection. Many granulocytes were in the white pulp at the same 
interval. Reticular cells were prominent in the white pulp. They had a 
large vesicular nucleus and a large nucleolus. The cell wall was poorly 
defined. Many, however, showed slight basophilic staining of the cyto- 
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plasm; in these, the cell membrane was easily seen. Some cells, pre- 
sumably of the reticular type, were in mitosis. 

The spleen examined on day 3 showed some apparent increase in the 
large lymphocyte population of the peripheral portions of the white pulp 
nodules. The remainder of the white pulp showed marked reactive 
changes with increase in basophilic reticular cells. Many mitotic figures 
were observed, and there were some plasma cells. Some reticular cells 
showed pink-staining, poorly delimited cytoplasmic masses, and there was 
intense congestion of the red pulp. At subsequent intervals through day 
9, the spleen continued to show intense congestion of the red pulp with 
very little evidence of blood formation. The white pulp continued to 
show the reactive changes described for the earlier time intervals (fig. 6). 
In the cross sections of some nodules, collections of large lymphocytes 
remained in the periphery. Germinal center formation was not dis- 
cernible. Large macrophages containing cell debris were scattered 
through the white pulp. In comparison to the mice treated with iso- 
logous spleen, the reactive changes in the white pulp of the mice given 
homologous spleen were greatly exaggerated. 

In the control groups, the white pulp of the spleen with X ray only was 
described earlier. Normal mice given homologous spleen intravenously 
showed marked congestion of the red pulp within 2 days after injection. 
Some evidence of reactive changes (formation of plasma cells and pro- 
liferation of reticuloendothelial cells) was observed in the white pulp dur- 
ing the period of intense congestion of the red pulp; but for the most part, 
the white pulp looked relatively normal. The congestion in the red pulp 
was still present in the day-9 specimen but less noticeable thereafter. 

The white pulp of the spleen in the mice treated with homologous bone 
marrow remained atrophic after the initial necrosis of most of the lym- 
phocytic elements. On day 4, the white pulp of the specimen examined 
showed early reactive changes with increase in reticular cells, some show- 
ing a basophilic, well-defined cytoplasm. There were also moderate 
blood formation and congestion in the red pulp. Many plasma cells were 
in the white pulp of the day-7 specimen. The red pulp was completely 
filled with blood-forming cells on day 9. Reactive changes in the white 
pulp were still evident in the last specimen examined on day 12. 

Spleen weight increased greatly with time after homologous spleen 
injection in both irradiated and nonirradiated mice. Homologous bone 
marrow also gave great increases in spleen weight. In spleen treatment, 
the increase was catised mostly by congestion of the red pulp; and in bone- 
marrow treatment, by hyperplastic blood formation in the red pulp. 

The lymph nodes on day 1 in the mouse treated with homologous spleen 
showed a few small collections of large lymphocytes in the cortex beneath 
the marginal sinus. By day 3, these collections were considerably larger; 
and reactive changes were observed in the remainder of the cortex. The 
reactive changes resembled those in white pulp of the spleen but were not 
so prominent. At subsequent intervals, the reactive changes were the 
same as those seen in the splenic white pulp (fig. 7). Mild sinusoidal con- 
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gestion with red blood cells was observed in a few lymph nodes. Germinal 
center formation was not discernible. 

The lymph nodes from the control group of X-ray-only mice were de- 
scribed earlier. Normal mice given homologous spleen intravenously had 
lymph nodes with normal architecture throughout the period of observa- 
tion. A few lymph nodes showed large collections of plasma cells in the 
medullary area. 

The lymph nodes of mice given homologous bone marrow after lethal 
irradiation, like the white pulp of the spleen in the same animals, remained 
atrophic after the initial necrosis of most of the lymphocytic elements. 
By day 4, there were early reactive changes. These were the same as 
those seen in the white pulp of the spleen. By 9 days, the lymph nodes 
were nearly identical to those of homologous spleen-treated mice at 4 days. 
In lymph nodes, these reactive changes had the appearance of a granulom- 
atous response. Granulopoietic foci were commonly found in the 
medulla of the lymph nodes. Collections of large lymphocytes did not 
appear in the cortex of mice given homologous bone marrow. 

The thymus in mice given homologous spleen remained atrophic after the 
initial period of necrosis. It did not show the large lymphocytic accumu- 
lations or reactive changes seen in the spleen and lymph nodes. 

The thymus in the X-radiated controls was described earlier. In the 
normal mice given homologous spleen, the architecture was normal in all 
specimens examined; although in a few, the cortex was quite thin, suggest- 
ing the loss of cells. 

The thymus, after homologous bone-marrow treatment, was much like 
the X-ray control group. Some cortical regeneration was present in 
specimens examined on days 7 and 12, the longest intervals in this ex- 
periment. 

The bone-marrow recovery after homologous spleen injection was very 
small, like that of the red pulp of the spleen. In the day-4 specimen, 
however, nearly total regeneration had occurred. 

Bone-marrow recovery was not observed in the X-ray control group. 
It was intact in normal mice given homologous spleen and did not show 
congestion like the red pulp of the spleen. 

After homologous bone-marrow treatment, the bone marrow of the irradi- 
ated host had returned to normal cellularity by day 7. 

Of the other tissues examined in irradiated mice given homologous 
spleen intravenously, the liver and kidney from day 4 or 5 after irradiation 
showed marked degenerative fatty infiltration. Necrosis of liver cells 
with bacterial invasion was present in the day-6 liver. Bacterial invasion 
of necrotic areas of the large intestine was also observed. Atrophy of 
salivary glands and pancreas was seen in the later specimens examined. 


Cause of Death in Irradiated Mice Given Homologous Spleen 


Seventeen irradiated male and female mice that died 4 to 9 days after 
homologous spleen treatment and one female mouse that lived 48 days 
were autopsied. The tissues of irradiated mice dying after the homologous 
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spleen injection showed essentially the same changes as those of mice 
killed and autopsied after homologous spleen treatment. Bacterial in- 
fection from lack of blood-forming tissues and invasion of the necrotic 
wall of the large intestine seemed to be sufficient to explain the death of 
some of the mice. The extreme parenchymatous degeneration of liver 
and kidney suggested a severe toxic process contributing to the death of 
the mice. Atrophy of tissues, such as the salivary glands and pancreas, 
indicates improper nutrition in the dying animals. Failure of the bone 
marrow to repopulate more than slightly in nearly all mice indicates a basic 
defect in this process. Body weight of the dead mice varied from 16 to 
22gm. Spleen weight varied from 40 to 111 mg. 

The mouse that lived 48 days showed almost total lack of blood-forming 
cells in the bone marrow. Extensive blood formation, mostly erythro- 
poiesis, was present in the liver sinusoids. There were a few megakaryo- 
cytes and granulopoietic cells in some areas. The spleen showed moderate 
blood formation in the red pulp. The white pulp showed total fibrinoid 
necrosis. The blood vessels of the white pulp were intact: The lymph 
nodes were atrophic and fibrotic. Sclerosis of glomerular capillaries in 
the kidney, giving a wire-loop appearance, was present. 


Additional Experiments 


Nine female (C3H X 101)F; mice were exposed to 950 r. Each was 
given approximately 132 X 10° rat spleen cells intravenously after ir- 
radiation. For 9 days, one animal a day was killed and autopsied. 
There was no accumulation of large lymphocytes in the white pulp of the 
spleen or in lymph nodes. Mild reactive changes consisting of swelling 
of reticuloendothelial cells and presence of granulocytes in the white 
pulp of the spleen and in the lymph nodes were noted for about 4 days 
after irradiation. Thereafter, these tissues resembled those in mice 
that received irradiation only. Regeneration of bone marrow and splenic 
red pulp was limited to small foci of blood-forming cells in some animals. 

Six male (C3H X 101)F, mice were killed and autopsied on days 1 to 7 
after 950 r and intravenous injection of 110 < 10° guinea-pig spleen cells. 
The tissue changes were identical to those seen after intravenous rat 
spleen, and the reaction in spleen and lymph nodes subsided by day 4. 

Eight male (101 * C3H)F, mice were exposed to 950 r and given, 
intravenously, 102 10° thymus cells of newborn (8- and 10-day-old) 
F, mice. The animals were killed and autopsied on days 1 to 10 
after irradiation. The splenic white pulp and lymph nodes showed no 
changes other than those produced by irradiation alone. ‘Lymphatic’ 
cells did not accumulate in special locations in the white pulp and lymph 
nodes. The red pulp of the spleen and the bone marrow did not regener- 
ate except in small foci. There was no effect on the thymus. 


Discussion 


The unique effect of intravenous spleen injection in causing an im- 
mediate accumulation of “large lymphocytes” in the white pulp of the 
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spleen and the cortex of lymph nodes does not occur with bone-marrow 
injection. With isologous spleen treatment, these accumulations seem to 
be associated within a very short time with development of a rudimentary 
germinal center that quickly develops into relatively normal-looking 
germinal tissue. The same kinds of changes occur with isologous bone- 
marrow treatment but at a slower rate. 

The white pulp of the donor spleen is probably the source of the “large 
lymphocytes” in the host mice, but proof was not obtained. 

It is interesting that the thymus from newborn F, hybrid mice cannot 
produce the “large lymphocyte” accumulation effect in irradiated F, 
hybrids. Neither does the thymus of the irradiated host show the lym- 
phocyte accumulations after isologous spleen injection. Rat spleen and 
guinea-pig spleen did not produce the “large lymphocyte accumulation 
effect” in irradiated mice under these experimental conditions. 

Shielding of the spleen and appendix might be expected to produce the 
“lymphocyte accumulation effect.”” Jacobson et al. (6) noted free lym- 
phocytes in the stroma of the cortex and medulla of lymph nodes, thymus, 
and Peyer’s patches on the 4th day after irradiation and spleen shielding 
in mice. Regeneration of normal structure was well under way by days 
7 and 8. Shielding the appendix in the irradiated rabbit apparently also 
promoted quick recovery of lymphatic tissues (7). 

It is not certain that the shielding experiments or the intraperitoneal 
spleen implantation experiment of Jacobson et al. (8) give the marked 
early “lymphocyte accumulation effect.” However, their techniques, like 
intravenous injection of isologous spleen, apparently give quicker regener- 
ation of normal lymphatic-tissue architecture than does injection of isolo- 
gous bone marrow. 

‘he mild reactive changes in the regenerating lymphatic tissues are of 
interest since they suggest that the newly formed tissue is receiving “‘an- 
tigenic stimuli” even in isologous experiments. Similarly, the reactive 
changes in untreated lethally irradiated mice suggest that even greatly 
depressed lymphatic tissues can show a slight response to presumably 
“antigenic stimuli.” The ‘antigenic stimuli’ might result from invading 
bacteria or auto-immunization. 

Small doses of lymph-node suspensions given along with isologous bone 
marrow did not enhance anatomical lymphatic tissue recovery of irradiated 
mice over that seen with isologous bone marrow alone, according to the 
work of Ilbery et al. (9). 

When the donor lymph nodes in the experiments by IIbery et al. were not 
isologous, the death rate was increased like that in experiments with 
nonisologous spleen by Schwartz et al. (2), Makinodan et al. (1), and 
Billingham and Brent (3) with adult homologous spleen in nonirradiated 
newborn mice. Simonsen (4) also found a killing effect of adult chicken 
spleen on chicken embryos. 

The deaths reported in our work with homologous spleen administered 
intravenously to lethally irradiated mice seemed to reflect more than just 
radiation lethality. Death often occurred sooner than with irradiation 
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alone. Severe parenchymatous changes in organs such as liver, kidney, 
and salivary glands gave further evidence that more than radiation 
damage was involved. The mechanism of death is not known; we can 
only suggest that it may be an in vivo antigen-antibody reaction. 

We believe that the pathologic tissue changes would be the same whether 
the host was providing the antibody-forming cells or the donor tissue, as in 
the intravenous homologous spleen. The reactive tissue changes with 
homologous spleen treatment reached a near-maximal response within 4 
to 5 days after treatment. Comparable changes with homologous bone 
marrow, which we think primarily represent recovery of the host’s immune 
mechanism, take nearly 2 weeks to reach a marked response. The re- 
active tissue changes with homologous bone-marrow treatment after lethal 
irradiation are also less regular in the sense that variations from one lymph 
node to another can be great, and not all are in the same phase of the 
reactive response at the same time. 

The changes in the spleen and lymph nodes during the foreign bone- 
marrow reaction (5, 10) and in the homologous spleen reaction have some 
features in common with the granulomatous tissue changes occurring in 
lymph nodes and spleen of rabbits with induced serum sickness (11-14). 
The vascular lesions, which occupy a prominent place in the pathology 
of induced serum sickness, have not been noticed with regularity in the 
foreign bone-marrow reaction or the foreign spleen reaction. 

The immediate accumulation of cells resembling large lymphocytes in 
certain areas of the lymph nodes and spleen was also present after homo- 
logous spleen treatment. The interpretation might be made that these 
are cells from the white pulp of the donor spleen and that they then 
transform into the antibody-producing elements. 

In adoptive immunity (cf. 15), the type of cells in suspensions of lymph- 
node or spleen cells that actually transfer the antibody-forming elements 
is not clearly established. It does seem clear, however, from the studies 
of the new functional ability and identification of donor antigens of these 
organs from the host (cf. 15), that the injected cells can go to the spleen 
and lymph nodes of the host. 

Roberts et al. (16) interpreted their morphologic and immunologic 
studies on transferred lymph-node cells and cells from peritoneal exudate 
to mean that “‘ . . . —lymphocytes in the case of lymph node cells and 
macrophages in the case of peritoneal cells—were most likely responsible 
for the antibody responses.”’ 


Summary 


The treatment of X-radiated mice with isologous spleen caused quicker 
regeneration of splenic white pulp and of lymph nodes than did treatment 
with isologous bone marrow. Nests of “large lymphocytic cells” accumu- 
lated in special locations in the spleen and lymph nodes of lethally irradi- 
ated mice given isologous spleen within 24 hours after injection. Nearly 
2 weeks were required for these cells to appear after treatment with isolo- 
gous bone marrow. The newly regenerated lymphatic tissue, after isolo- 
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gous spleen treatment, showed mild reactive changes, suggesting that it 
was responding to “antigenic stimuli.””’ Even untreated, lethally irradi- 
ated mice showed slight reactive changes, suggesting the capacity to 
respond to “antigenic stimuli.” 

Homologous spleen injection in lethally irradiated mice had a very 
detrimental effect. Violent reactive changes occurred in lymph nodes 
and spleen, and parenchymatous degeneration was noted in several organs. 
Accumulation of “large lymphocytic cells’ in special locations in spleen 
and lymph nodes preceded the reactive changes. Homologous bone- 
marrow injection in lethally irradiated mice eventually gave somewhat 
similar reactive changes in spleen and lymph nodes without prior accumu- 
lation of large lymphocytic cells. Suspensions of thymocytes did not 
cause the accumulation of large lymphocytic cells in spleen and lymph 
nodes. Rat and guinea-pig spleen also failed to produce the large- 
lymphocyte accumulation effect in lethally irradiated mice under our 
experimental conditions. 


References 


(1) Maxtnopan, T., GenGcozian, N., and SHexarcut, I. C.: Relative effects of 
splenic and bone marrow cells on lethally irradiated mice. J. Nat. Cancer 
Inst. 20: 591-601, 1958. 

(2) Scuwartz, E. E., Upron, A. C., and Conepon, C. C.: A fatal reaction caused by 
implantation of adult parental spleen tissue in irradiated F,; mice. Proc. Soc. 
Exper. Biol. & Med. 96: 797-800, 1957. 

(3) BrmuincuaM, R. E., and Brent, L.: A simple method for inducing tolerance of 
skin homografts in mice. Transpl. Bull. 4: 67-71, 1957. 

(4) StmonsEen, M.: The impact on the developing embryo and newborn animal of 
adult homologous cells. Acta path. et microbiol. scandinav. 40: 480-500, 1957. 

(5) Conepon, C. C., and Urso, I. 8.: Homologous bone marrow in the treatment of 
radiation injury in mice. Am. J. Path. 33: 749-767, 1957. 

(6) Jacosson, L. O., Simmons, E. L., Marks, E. K., Rosson, M. J., Beruarp, W. F., 
and Gaston, E. O.: The role of the spleen in radiation injury and recovery. 
J. Lab. & Clin. Med. 35: 746-770, 1950. 

Jacosson, L. O., Rosson, M. J., and Marks, E. K.: The effect of X radiation 
on antibody formation. Proc. Soc. Exper. Biol. & Med. 75: 145-152, 1950. 

Jacosson, L. O., Simmons, E. L., Marks, E. K., Gastron, E. O., Rosson, M. J., 
and Exprepee, J. H.: Further studies on recovery from radiation injury. 
J. Lab. & Clin. Med. 37: 683-697, 1951. 

(9) Inpery, P. L. T., Kotzuer, P. C., and Loutrr, J. F.: Immunological character- 
istics of radiation chimaeras. J. Nat. Cancer Inst. 20: 1051-1089, 1958. 

(10) Conapon, C. C.: Pathologie findings in the delayed heterologous bone marrow 
reaction. (Abstract.) Radiation Res. 7: 310, 1957. 

(11) Ricu, A. R.: The occurrence of focal tuberculoid lesions in experimental serum 
sickness. Bull. Johns Hopkins Hosp. 91: 109-123, 1952. 

(12) Germuth, F. G., Jr.: A comparative histologic and immunologic study in rabbits 
of induced hypersensitivity of the serum sickness type. J. Exper. Med. 97: 
257-282, 1953. 

(13) Germoutn, F. G., Jr., Pace, M. G., and Tippett, J. C.: Comparative histologic 
and immunologic studies in rabbits of induced hypersensitivity of the serum 
sickness type. II. The effect of sensitization to homologous and cross-reactive 
antigens on the rate of antigen elimination and the development of allergic 
lesions. J. Exper. Med. 101: 135-150, 1955. 


(7 


(8 


— 


Journal of the National Cancer Institut 


H 


LYMPHATIC TISSUE AFTER SPLEEN INJECTION 203 


(14) Heprinsratt, R. H., and Germuts, F. G., Jr.: Experimental studies on the 
immunologic and histologic effects of prolonged exposure to antigen. I. Dis- 
tribution of allergic lesions following multiple injections of bovine albumin, 
bovine gamma globulin, and albumin and globulin together with special 
reference to the occurrence of granulomatous arteritis. Bull. Johns Hopkins 
Hosp. 100: 71-98, 1957. 

(16) Mrrcntson, N. A.: Adoptive transfer of immune reactions by cells. J. Cell. 
& Comp. Physiol. 50, Suppl. 1: 247-264, 1957. 

(16) Rossrts, J. C., Drxon, F. J., and Wereuz, W. O.: Antibody-producing lymph 
node cells and peritoneal exudate cells. A.M.A. Arch. Path. 64: 324-332, 1957. 


Vol. 21, No. 1, July 1958 


; 
‘ 
3 
aa 
fi 


CONGDON et al. 


Puate 35 


Figure 1.—Accumulation of lymphocytes in white pulp of the spleen 2 days after 950 r 
and isologous spleen injection. Hematoxylin and eosin. X 150 


Figure 2.—Atrophic splenic white pulp 2 days after 950 r and isologous bone-marrow 


treatment. A few lymphocytes are around the central arteriole. Hematoxylin and 
eosin. X 150 , 
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Figure 3.—Large lymphocyte accumulations in cortex of lymph node 2 days after 
950 r and isologous spleen treatment—compare with figure 5. Hematoxylin and 
eosin. XX 150 


FIGuRE 
950 r 


4.—Well-developed germinal center in lymph node of animal 11 days after 
and isologous spleen injection. 


Hematoxylin and eosin. XX 150 
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Figure 5.—-Lymph node of an animal killed 2 days after 950 r and injection of isologous 
bone marrow. A few remaining lymphocytes are scattered through the cortex. 
Hematoxylin and eosin. XX 150 


Ficure 6.— Marked reactive change in the white pulp of an animal killed 5 days after 
950 r and homologous spleen. Hematoxylin and eosin. 150 
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Ficure 7.—Lymph node 5 days after 950 r and homologous spleen injection. There 
are marked reactive changes. Hematoxylin and eosin. XX 150 
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